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ABSTRACT: To address the challenges of coordinating local reactive power compensation with cross-station harmonic interaction suppres-
sion in hybrid multi-infeed HVDC (HMIDC) systems, this study proposes an optimal AC filter configuration method based on sensitivity
analysis. A harmonic impedance equivalent model was established for a hybrid three-infeed HVDC system, and a comprehensive har-
monic interaction index was constructed based on harmonic current interaction influence coefficients. Normalized sensitivity analysis
was then performed on the AC filter impedance, receiving-end AC system impedance, and tie-line impedance at the 11th and 13th har-
monics. The results indicate that the AC filter impedance serves as the dominant adjustable factor. On this basis, a discrete optimization
model was developed, with the number of DT11/24 and DT13/36 double-tuned filter groups in service as decision variables. In addition,
this model considers equipment limits, minimum filtering requirements, reactive power compensation, and harmonic voltage constraints.
Case study results show that the optimized configuration reduces the overall harmonic coupling among HVDC infeed systems; in par-
ticular, the interaction strength from the second conventional HVDC link to the modular multilevel converter-based high-voltage direct
current (MMC-HVDC) link at the 13th harmonic decreases by approximately 32%. The proposed method provides a practical reference
for coordinated AC filter switching in HMIDC.

1. INTRODUCTION

With the continuous development of line-commutated
converter-based high-voltage direct current (LCC-

HVDC) projects and modular multilevel converter-based
high-voltage direct current (MMC-HVDC) projects, the oper-
ating pattern, where multiple HVDC transmission systems are
concentrated in the same receiving-end AC grid, has become
increasingly prominent. In particular, after the commissioning
of projects such as the Wudongde UHV multi-terminal DC
project and Baihetan-Jiangsu UHV hybrid cascaded DC
project, LCC-HVDC and MMC-HVDC systems have coex-
isted in receiving-end power grids, gradually forming hybrid
multi-infeed HVDC (HMIDC) systems [1, 2]. LCC-HVDC
has the advantages of large transmission capacity and mature
technology; however, its commutation process inevitably
generates characteristic harmonics, such as the 11th and 13th
harmonics. Although MMC-HVDC generally produces a
lower harmonic content on the AC side, its AC-side impedance
still participates in the system’s harmonic network. When
LCC-HVDC and MMC-HVDC systems are connected to the
same receiving-end AC grid, electrical coupling occurs among
different converter stations through the AC network. Harmonic
currents generated by one converter station may propagate to
other converter stations via AC tie lines, causing cross-station
harmonic interaction, harmonic amplification, and resonance.
Therefore, investigating the harmonic interaction characteris-
tics of HMIDC systems and their suppression methods is of
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great significance for improving power quality and ensuring
the stable operation of receiving-end AC grids.
Extensive studies have been conducted on the harmonic

impedance modeling of HVDC systems and the interaction ef-
fects in multi-infeed HVDC systems. Studies on LCC-HVDC
have investigated harmonic generation mechanisms, harmonic
transfer characteristics, and impedance modeling methods,
providing a theoretical basis for analyzing the harmonic
response of conventional HVDC converter stations across
different frequencies [3–7]. The harmonic characteristics of
HVDC systems have also been analyzed from the perspec-
tives of harmonic impedance scanning, equivalent harmonic
impedance calculation, and harmonic transfer between the
AC and DC sides [8–10]. Existing studies on MMC-HVDC
systems have developed AC-side impedance models and
revealed frequency coupling among arm currents, submodule
capacitor voltages, and control loops. The results indicate that
the AC-side impedance of the MMC affects harmonic response
characteristics of the overall system [11–13]. Further research
has focused on the interaction mechanisms in multi-infeed
and hybrid multi-infeed HVDC systems, proposing evaluation
methods such as multi-infeed interaction factors and harmonic
impedance matrices, which provide a basis for quantitatively
assessing the harmonic interaction strength among different
HVDC infeed systems [14–19]. In addition, the AC filter’s
optimization design was conducted to enhance the operating
performance of HVDC transmission systems [20].
The aforementioned studies provide a significant foundation

for harmonic interaction modeling, interaction index construc-
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FIGURE 1. Model of the hybrid three-infeed HVDC transmission sys-
tem.

tion, and AC filter design in HMIDC systems. However, sev-
eral limitations remain. On the one hand, existing research
mainly focuses on converter station impedance modeling or
harmonic interaction mechanisms; conversely, insufficient at-
tention has been paid to the system-level variation of harmonic
interactions induced by changes in AC filter parameters and
switching states. On the other hand, traditional methods for
AC filter configuration are usually based on local harmonic
suppression, reactive power compensation, and power quality
constraints of a single converter station, with limited consid-
eration of how filter switching affects harmonic current dis-
tribution and cross-station interaction strength in other infeed
DC systems from the perspective of the entire HMIDC system.
Therefore, it is necessary to develop an optimal configuration
method for AC filters, oriented toward the suppression of over-
all system harmonic interactions.
Accordingly, this study proposes an optimal AC filter config-

uration method for HMIDC systems based on sensitivity anal-
ysis. First, a harmonic impedance analysis model of the hy-
brid multi-infeed HVDC system was established, and a com-
prehensive harmonic interaction index was constructed based
on the harmonic current interaction influence coefficients. Sec-
ond, a normalized sensitivity index is defined, and comprehen-
sive sensitivity analysis is performed on AC filter parameters,
receiving-end AC system impedance parameters, and tie-line
impedance parameters to identify the key factors affecting har-
monic interactions. Third, under typical operating conditions,
the impact of the AC filter switching states on the harmonic
interactions among different HVDC infeed systems was ana-
lyzed. Finally, taking the discrete numbers of double-tuned
filter groups in service at two conventional HVDC converter
stations as decision variables, an AC filter optimal configu-
ration model is established considering equipment configura-
tion, minimum filtering requirements, reactive power balance,
and power quality constraints. The model was solved using a

Inverter 

Station 

1

1

2

3

c1( )h
I

1( )h
I

s1( )h
I

a1( )h
Z

c1( )h
Z F1( )h

Z

L12( )h
Z

c2( )h
I

2( )h
I

a2( )h
Z L31( )h

Zs2( )h
I

c2( )h
Z

F2( )h
Z

L23( )h
Z

3( )h
I

a3( )h
Z

c3( )h
Z

Inverter 

Station 

2

Inverter 

Station 

3

FIGURE 2. Harmonic interaction impedance analysis model of the hy-
brid three-infeed system.

discrete particle swarm optimization algorithm, and the results
validated the effectiveness of the proposed method in reducing
harmonic interactions within HMIDC systems.

2. HARMONIC INTERACTION INFLUENCE COEFFI-
CIENTS IN HYBRID MULTI-INFEED HVDC SYSTEMS

2.1. Harmonic Impedance EquivalentModel of theHybridMulti-
Infeed DC System
Ahybrid three-infeedHVDC system inwhich two conventional
HVDC links and one flexible HVDC link are jointly fed into
the receiving-end AC network is selected as the study object,
as shown in Fig. 1.
From the perspective of the AC-side port, an LCC-HVDC

converter station generates characteristic harmonics, such as
the 11th and 13th harmonics, during operation. Therefore, it
can be equivalently represented as a harmonic current source
connected in parallel with an AC-side equivalent harmonic
impedance. Since the quality of the AC-side output waveform
of MMC-HVDC is high and the harmonic current injected into
the AC system is relatively small, only the effect of its AC-side
equivalent harmonic impedance on the system harmonic cur-
rent distribution is considered. The simplified model is shown
in Fig. 2.
In Fig. 2, Zcn(h) denotes the AC-side equivalent harmonic

impedance of the inverter station of the n-th DC link at the h-th
harmonic; ZFn(h) denotes the equivalent harmonic impedance
of the AC filters and reactive power compensation devices on
the inverter-station side of the n-th DC link; ZL12(h), ZL23(h),
and ZL31(h) denote the equivalent harmonic impedances of the
tie lines among different DC links; and Zan(h) denotes the
equivalent harmonic impedance of the receiving-end AC sys-
tem into which the n-th DC link is fed. The equivalent har-
monic current sources of the two LCC-HVDC links at the h-th
harmonic are denoted as Is1(h) and Is2(h), respectively, and the
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harmonic currents flowing from the infeed nodes into the AC
system are denoted as I1(h), I2(h), and I3(h), respectively.
According to this model, when the harmonic current gener-

ated by one conventional DC link changes, it affects the har-
monic content at other nodes via tie lines, thereby inducing har-
monic interactions. To facilitate subsequent quantitative analy-
sis, a harmonic current interaction influence coefficient is intro-
duced to characterize the harmonic interaction strength among
different DC links in an HMIDC system.

2.2. Harmonic Current Interaction Influence Coefficients
The harmonic current interaction influence coefficient is de-
fined as follows:

αij(h) = İi(h)/İsj(h) (1)

This coefficient represents the current response at the target
node after the harmonic source current is distributed through
the system impedance network. A larger magnitude indicates
a stronger harmonic influence of the j-th conventional DC link
on the i-th node.
According to the harmonic impedance equivalent model

shown in Fig. 2, the relationship between the AC-side equiv-
alent harmonic current sources of the converter stations and the
harmonic currents flowing from each node into the AC system
can be expressed as follows:

İ1(h)İ2(h)
İ3(h)

 =

α11(h) α12(h)

α21(h) α22(h)

α31(h) α32(h)

[
İ(s1(h))
İs(s2(h))

]
(2)

Based on Equation (2), the harmonic current interaction
influence coefficients among different DC links can be fur-
ther derived. For the harmonic interaction between the two
LCC-HVDC links, the interaction influence coefficients are ex-
pressed as follows:

α12(h) =

1

ZL12(h)
Z3(h) +

1

ZL23(h)
ZL31(h)

Za1(h)Z∆(h)
(3)

α21(h) =

1

ZL12(h)
Z3(h) +

1

ZL23(h)
ZL31(h)

Za2(h)Z∆(h)
(4)

where,

Z1(h) =
1

Zc1(h)
+

1

ZF1(h)
+

1

Za1(h)
+

1

ZL12(h)
+

1

ZL31(h)

(5)

Z2(h) =
1

Zc2(h)
+

1

ZF2(h)
+

1

Za2(h)
+

1

ZL12(h)
+

1

ZL23(h)

(6)

Z3(h) =
1

Zc3(h)
+

1

Za3(h)
+

1

ZL23(h)
+

1

ZL31(h)
(7)

Z∆(h) = Z1(h)Z2(h)Z3(h) −
Z1(h)

Z2
L23(h)

−
Z2(h)

Z2
L31(h)

(8)

Similarly, the interaction influence coefficients between the
LCC-HVDC and MMC-HVDC links are expressed as follows:

α31(h) =

1

ZL31(h)
Z2(h) +

1

ZL12(h)
ZL23(h)

Za3(h)Z∆(h)
(9)

α32(h) =

1

ZL23(h)
Z1(h) +

1

ZL12(h)
ZL31(h)

Za3(h)Z∆(h)
(10)

3. SENSITIVITY ANALYSISMETHOD FOR HARMONIC
INTERACTION INFLUENCE

3.1. Definition of the Sensitivity Index
In practical applications, engineering applications primarily fo-
cus on the variation trend of the harmonic interaction strength.
Consequently, the magnitude of the harmonic current interac-
tion influence coefficient was employed as the analysis ob-
ject. Considering the harmonic effects of the two conventional
DC links at their respective nodes, their mutual interactions,
and their harmonic interactions with the MMC-HVDC link, the
comprehensive harmonic interaction influence index is defined
as follows:

|αΣ(h)|=
∑

i∈{1,2}

|αii(h)|+
∑

i,j∈{1,2}
i ̸=j

|αij(h)|+
∑

k∈{1,2}

|α3k(h)|

(11)
where the first term represents the harmonic effect of the two
conventional DC links at their respective nodes; the second
term represents the harmonic interaction between the two con-
ventional DC links; and the third term represents the harmonic
interaction from the two conventional DC links to the MMC-
HVDC link.
The comprehensive harmonic interaction influence index

therefore comprises three components: the local harmonic ef-
fect of each conventional DC link, the harmonic interaction be-
tween the two LCC-HVDC links, and the harmonic influence
of the LCC-HVDC links on the MMC-HVDC link.
By combining these components, the index characterizes the

overall redistribution of harmonic currents among the converter
stations through the coupled receiving-end AC network. Since
variations in filter impedance may affect the local harmonic re-
sponses and the cross-station interaction channels differently,
the aggregated index provides a system-level measure of har-
monic interaction under a given operating condition.
To compare the effects of parameters with different units and

basemagnitudes on a common dimensionless basis, the normal-
ized sensitivity index is defined as follows:

SΣ
p (h) =

∣∣∣∣∂|αΣ(h)|/|αΣ,0(h)|
∂p/p0

∣∣∣∣ ≈ ∣∣∣∣∆|αΣ(h)|
∆p

· p0
|αΣ,0(h)|

∣∣∣∣
(12)
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where |αΣ,0(h)| denotes the comprehensive harmonic interac-
tion index of the HMIDC system at the h-th harmonic under
base operating condition; p0 is the base value of parameter
p; ∆|αΣ(h)| and ∆p denote the variations in the comprehen-
sive harmonic interaction index and the corresponding parame-
ter before and after perturbation, respectively. A larger SΣ

p (h)
indicates that the variation of this parameter has a more sig-
nificant influence on the harmonic interaction in the HMIDC
system at the corresponding harmonic order; otherwise, its in-
fluence is weaker.

3.2. Comprehensive Sensitivity Ranking and Key Parameter
Identification

To identify the dominant factors affecting harmonic interac-
tions in the HMIDC system, the equivalent impedances of the
receiving-end AC systems, the tie-line impedances between
converter stations, and the equivalent impedances of the AC fil-
ters at the conventional HVDC converter stations are selected
as analysis objects. The normalized sensitivity indices of these
parameters at the 11th and 13th characteristic harmonics are cal-
culated and ranked, as shown in Fig. 3.
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FIGURE 3. Sensitivity ranking.

In Fig. 3,Za1,Za2, andZa3 denote the equivalent impedance
parameters of the receiving-end AC systems connected to the
three DC links; ZL12, ZL23, and ZL13 denote the tie-line pa-
rameters among different converter stations; ZF1 and ZF2 de-
note the AC filter parameters at the two conventional HVDC
converter stations.
At the 11th and 13th characteristic harmonics, the sensi-

tivities associated with the AC filter parameters are generally
higher than those associated with the receiving-end AC system
and tie-line impedances, as shown in Fig. 3. The double-tuned
filters operate near their low-impedance regions at these char-
acteristic frequencies; therefore, variations in filter impedance
directly modify the local harmonic shunt paths and the nodal
current distribution in the coupled AC network. Moreover,
the filter-bank operating states can be adjusted during sys-
tem operation, whereas the receiving-end system and tie-line
impedances are primarily determined by the existing network
structure. The AC filter switching states are therefore selected

as the decision variables for the subsequent optimal configura-
tion.

4. INFLUENCE OF AC FILTER SWITCHING ON HAR-
MONIC INTERACTIONS

4.1. AC Filter Configuration Scheme
On the AC side of conventional HVDC converter stations, mul-
tiple filter groups and reactive power compensation devices are
typically configured to satisfy the requirements of characteristic
harmonic suppression and reactive power compensation simul-
taneously. The filter equipment considered in this study mainly
includes DT11/24 double-tuned filters, DT13/36 double-tuned
filters, HP3 high-pass filters, and SC shunt capacitors. In prac-
tical engineering, multiple filter groups are typically connected
in parallel. The structures and parameters of the filters and
shunt capacitors are listed in Table 1, and their wiring diagrams
are shown in Fig. 4.

TABLE 1. AC filter parameters.

Component parameter
Filter group type

DT11/24 DT13/36 HP3 SC
C1/µF 2.32 2.30 2.31 2.159
L1/mH 12.52 6.01 641.33 2.039
C2/µF 5.46 3.90 15.80 −
L2/mH 9.33 8.73 − −

The parameters listed in Table 1 were obtained from the en-
gineering design data provided by the equipment manufacturer
for the studied converter stations. In practical converter sta-
tions, each AC filter bank mainly comprises high-voltage ca-
pacitor units, tuning reactors, damping resistors, together with
the associated switching and protection equipment and bus con-
nections. In the harmonic interaction model, the main filtering
components are represented by the lumped-parameter equiva-
lent circuits shown in Fig. 4.
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FIGURE 4. Wiring diagrams of AC filters and shunt capacitors. (a)
Double-tuned filter, (b) HP3 filter, and (c) SC capacitor.

The tuning reactors are dry-type air-core reactors and there-
fore do not involve magnetic-core saturation or core losses.
The equivalent series resistance of the capacitors and the wind-
ing resistance of the reactors determine the damping and qual-
ity factor of the tuned branches, thereby affecting the min-
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TABLE 2. AC filter switching strategies under different DC power conditions.

Operating mode DC power/MW SC DT11/24 DT13/36
Bipolar full-voltage operation 5000 6 4 4
80% reduced-voltage operation 4000 3 4 4
50% reduced-voltage operation 2500 0 4 4
30% reduced-voltage operation 1500 0 3 2

imum impedance and bandwidth around the tuning frequen-
cies [21]. The equivalent series inductance of the capacitors
and the parasitic capacitance of the reactors mainly influence
the high-frequency and self-resonant characteristics of the com-
ponents [22]. Since the present analysis focuses on the steady-
state 11th- and 13th-order harmonics, the principal tuning char-
acteristics are represented using the nominal inductance and ca-
pacitance parameters.
Impedance-frequency characteristics of the AC filters are

shown in Fig. 5. For a fundamental frequency of 50Hz, the
DT11/24 filter exhibits two low-impedance valleys near 550Hz
and 1200Hz, corresponding to the 11th- and 24th-order har-
monics, respectively. The DT13/36 filter similarly exhibits
low-impedance valleys near 650Hz and 1800Hz, correspond-
ing to the 13th- and 36th-order harmonics. Therefore, the cor-
responding characteristic harmonic currents can be preferen-
tially diverted into the filter branches rather than injected into
the receiving-end AC network. Impedance peaks can also be
observed between the two tuning frequencies of each double-
tuned filter, which result from inherent anti-resonance charac-
teristics of the double-tuned circuits. In comparison, the HP3
filter reaches its minimum impedance near 150Hz, correspond-
ing to the third-order harmonic, and its impedance subsequently
increases smoothly toward a finite value because of the damp-
ing resistor. This characteristic provides broadband harmonic
damping rather than selective filtering at only a few discrete
harmonic frequencies.
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FIGURE 5. Frequency-impedance curves of the filters.

According to the actual engineering configuration, the
receiving-end converter station of the first conventional DC
link is equipped with four DT11/24 filter groups, four DT13/36
filter groups, and six SC shunt capacitor groups. The capacity
of each double-tuned filter group was 197 Mvar, and the
capacity of each SC shunt capacitor group was 238 Mvar. The
receiving-end converter station of the second conventional

DC link is equipped with four DT11/24 filter groups, three
DT13/36 filter groups, and seven SC shunt capacitor groups.
The capacity of each double-tuned filter group was 195 Mvar,
and the capacity of each SC shunt capacitor group was 235
Mvar.
To further illustrate the filtering effect of the above AC filter

models, time-domain simulations were performed using the en-
gineering design parameters listed in Table 1. The converter op-
erating condition, harmonic-source parameters, receiving-end
AC system impedance, and tie-line parameters were kept un-
changed, with only the AC filter connection state varied. Fig. 6
compares the current I1 flowing from the first LCC-HVDC in-
feed node into the receiving-end AC system, together with its
harmonic current ratios, for cases with and without the AC fil-
ters.
As shown in Fig. 6, without AC filters, the current wave-

form exhibits evident distortion, and relatively large harmonic
components appear at 550Hz and 650Hz, corresponding to
the 11th- and 13th-order characteristic harmonics, respectively.
After the AC filters are connected, the current waveform be-
comes smoother, and both harmonic current ratios decrease
markedly. These results agree with the low-impedance char-
acteristics of DT11/24 and DT13/36 filters shown in Fig. 6
and demonstrate the expected suppression of the correspond-
ing characteristic harmonics.

4.2. AC Filter Switching Strategies under Typical Operating
Conditions
Conventional HVDC transmission systems typically employ
reactive power control (RPC) for the discrete group switch-
ing of AC filters and shunt capacitors. The control structure
is shown in Fig. 7.
Based on the RPC hierarchical control logic and the actual

AC filter configurations of the two conventional HVDC con-
verter stations, the number of SC shunt capacitor groups in ser-
vice first decreases as DC transmission power decreases. When
the system operates at a reduced power level, the number of
double-tuned filter groups is adjusted accordingly. The filter
switching strategies under different DC power conditions are
presented in Table 2.

4.3. Influence of AC Filter Switching States on Harmonic Inter-
actions
To quantitatively analyze the influence of double-tuned filter
switching on harmonic interaction strength, the first conven-
tional DC link is initially assumed to operate at 50% rated
power with eight double-tuned filter groups in service, and the
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FIGURE 6. Comparison of AC-side current waveforms and harmonic current ratios with and without AC filters. (a) Current waveforms and (b)
harmonic current ratios.
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FIGURE 7. Conventional reactive power control structure.

second conventional DC link operates at 45% rated power with
seven double-tuned filter groups in service. When the operat-
ing power of the first conventional DC link decreases to 30% of
the rated power, certain AC filters must be switched out to pre-
vent excessive reactive power and meet operating constraints.
As a typical switching scenario, one DT11/24 filter group and
two DT13/36 filter groups were switched out. The magnitudes
of the harmonic current interaction influence coefficients be-
fore and after switching at the 11th and 13th harmonics were
calculated, and the results are presented in Fig. 8.
As shown in Fig. 8, after the AC filters of the first conven-

tional DC link are disconnected, the harmonic current flowing
from this link into the AC system increases, and the harmonic
currents in the other two links also increase. This indicates that
the AC filter switching state changes the harmonic interaction
relationships among the different DC links within the system.
A reduction in filter impedance strengthens the local har-

monic shunt path and limits the propagation of the corre-
sponding harmonic current through the common AC network,
whereas filter removal increases the branch impedance and re-
distributes a larger proportion of the harmonic current toward
the interconnected nodes.

Further analysis shows that the harmonic current interaction
influence coefficients are related not only to the filter groups in
service in a single link but also to the combination of double-
tuned filter group numbers in the two conventional DC links.
When the number of double-tuned filter groups in service de-
creases, the corresponding harmonic interaction influence co-
efficients generally increase. Therefore, the AC filter configu-
ration should be coordinated from the overall system perspec-
tive rather than determined solely by the local reactive power
demand or harmonic mitigation requirement of a single con-
verter station. This observation motivated the establishment of
an optimal AC filter configuration model aimed at reducing the
overall harmonic interaction level of the HMIDC system.

5. AC FILTER OPTIMAL CONFIGURATION MODEL
BASED ON THE DISCRETE PARTICLE SWARM OPTI-
MIZATION ALGORITHM

5.1. Constraints
To ensure that the optimization results align with the require-
ments of practical engineering operations, the filters’ induc-
tance and capacitance parameters were not continuously op-
timized. Instead, the number of double-tuned filter groups in
service is directly selected as a decision variable:

X = [nDT11,1, nDT13,1, nDT11,2, nDT13,2]
T (13)

where nDT11,i and nDT13,i denote the actual numbers of
DT11/24 and DT13/36 filter groups in service at the i-th
converter station, respectively.
To prevent the optimization results from exceeding the prac-

tical operating boundaries, the following constraints were im-
posed.

5.1.1. Equipment Configuration Constraints

The number of filter groups in service cannot exceed the num-
ber of devices installed at the converter station. Let Nmax

D11,i and
Nmax

D13,i denote the maximum numbers of DT11/24 and DT13/36
filter groups that can be put into service in the i-th link, respec-
tively. Then

0 ≤ nD11,i ≤ Nmax
D11,i, ND11,i ∈ Z (14)

0 ≤ nD13,i ≤ Nmax
D13,i, ND13,i ∈ Z (15)
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FIGURE 8. Comparison of harmonic current interaction influence coefficient magnitudes before and after switching. (a) 11th harmonic and (b) 13th
harmonic.

TABLE 3. Limits for harmonics in public power grids specified in GB/T 14549-1993.

Voltage level/kV Total harmonic voltage distortion/%
Individual harmonic voltage

Odd harmonics Even harmonics
0.38 5 4 2
6, 10 4 3.2 1.6
35, 66 3 2.4 1.2
110 2 1.6 0.8

where i = 1, 2.

5.1.2. Minimum Filtering-Capacity Constraint

Under low-power operation, although the reactive power de-
mand of converter station decreases, the characteristic harmon-
ics generated by the LCC-HVDC system still require suppres-
sion byAC filters. Therefore, double-tuned filters should not be
switched excessively andmust satisfy theminimum filtering re-
quirements. For the i-th link, the minimum filtering constraint
is given by:

n11,i + n13,i ≥ Nmin
i , i = 1, 2 (16)

where Nmin
i is the minimum total number of double-tuned fil-

ter groups required by the i-th link to satisfy the basic filtering
requirement.

5.1.3. Reactive Power Balance Constraint

In addition to harmonic suppression, double-tuned filters pro-
vide reactive power to the AC-bus. Let the reactive power com-
pensation provided by the double-tuned filters in the i-th link
under configuration X be

QF,i(X) = n11,iQ11,i + n13,iQ13,i (17)

whereQ11,i andQ13,i denote the reactive power capacities pro-
vided by oneDT11/24 filter group and oneDT13/36 filter group
in the i-th link, respectively. The reactive power balance con-
straint is then expressed as

Qmin,i ≤ QF,i(X) ≤ Qmax,i, i = 1, 2 (18)

where Qmin,i and Qmax,i denote the lower and upper limits of
the reactive power required by the i-th link under the current
operating mode, respectively.

5.1.4. Power Quality Constraint

The optimized filter configuration should satisfy the power-
quality requirements specified by the national grid operating
standards. Therefore, under any filter switching combination,
the harmonic ratio of voltage (HRU) for individual harmonics
and the total harmonic distortion of voltage (THDU) at the AC
buses of all converter stations must not exceed the prescribed
limits:


HRUh,i(X) =

Uh,i(X)
U1,i

× 100% ≤ HRUmax

THDu,i(X) =

√ ∑
h∈Ω

U2
h,i(X)

U1,i
× 100% ≤ THDmax

(i = 1, 2, 3)

(19)
where Uh,i(X) is the rms value of the h-th harmonic voltage
generated at the AC bus of node i under the current filter config-
urationX;U1,i is the rated rms value of the fundamental voltage
at this bus; and HRUmax and THDmax are the allowable upper
limits of individual harmonic voltage distortion and total har-
monic distortion specified by the national standard, as listed in
Table 3.
The fitness values corresponding to each filter configuration

are shown in Fig. 10.

5.2. Solution Method Based on DPSO
Since the number of double-tuned filter groups in service is an
integer variable and multiple operating constraints must be sat-
isfied simultaneously, the discrete particle swarm optimization
(DPSO) algorithm is adopted to solve the model. The flowchart
is illustrated in Fig. 9. DPSOhas a simple structure, high search
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FIGURE 9. Flowchart of the DPSO algorithm.
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FIGURE 10. Fitness curves of the switching schemes.

efficiency, and good suitability for discrete combinatorial vari-
ables; therefore, it can search for a better switching scheme
within a finite set of filter configurations.
In DPSO, each particle represents a filter switching combi-

nation. Let the position vector of the s-th particle at the t-th
iteration be

Xt
s =

[
Xt

s,1, X
t
s,2, · · · , Xt

s,D

]
(20)

where D is the dimension of the decision variables, and Xt
s,D

denotes the current value of the d-th decision variable. The
corresponding velocity vector is expressed as

V t+1
s,d = ωV t

s,d+c1r1
(
P t
s,d −Xt

s,d

)
+c2r2

(
Gt

d −Xt
s,d

)
(21)

where ω is the inertia weight; c1 and c2 are the cognitive and
social learning factors, respectively; r1 and r2 are random num-
bers in the interval [0, 1]; P t

s,d is the historical best position
of the particle itself; and Gt

d is the global best position of the
swarm.
The decision variables are discrete integers, and the particle

position must be updated together with the boundary correction
after the velocity is updated to ensure that the integer condition
is satisfied:

Xt+1
s,d = round

(
Xt

s,d + V t+1
s,d

)
(22)

If the updated particle position exceeds the allowable range,
it is projected onto the corresponding boundary. The constraint
repair is then performed on the particle position. If a particle vi-
olates the minimum or maximum number-of-groups constraint,
the reactive power compensation constraint, or the minimum
filter-configuration constraint, it is adjusted according to pre-
set repair rules so that particles evaluated for fitness remain as
close as possible to the feasible region.
To evaluate the suppression effect of different filter combina-

tions on system harmonic interactions, the 11th and 13th char-
acteristic harmonics were selected as the primary optimization
targets. The set of characteristic harmonics Ω and the objective
function for minimizing the overall system harmonic interac-
tion are defined as follows:

Ω = {11, 13} (23)
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TABLE 4. Optimized filter configuration schemes.

Scheme
Configuration of the first link Configuration of the second link
DT11/24 DT13/36 DT11/24 DT13/36

Scheme 1 2 2 4 2
Scheme 2 3 1 4 2
Scheme 3 1 3 3 3
Scheme 4 2 2 3 3
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FIGURE 11. Changes in harmonic interaction influence coefficient magnitudes before and after filter optimization. (a) 11th harmonic and (b) 13th
harmonic.

minF (X) =
∑
h∈Ω



∑
i∈{1,2}

|αii(h,X)|

+
∑

i,j∈{1,2}
i ̸=j

|αij(h,X)|

+
∑

k∈{1,2}
|α3k(h,X)|

 (24)

For each feasible particle, the harmonic current interaction
influence coefficient matrix, the AC-bus harmonic currents in
each branch, and the bus-voltage total harmonic distortion are
first calculated according to each feasible particle’s filter con-
figuration vector X, and all constraints are checked. For parti-
cles that violate the constraints, an exterior penalty function is
introduced as follows:

Fpen(X) = F (X) + γP (X) (25)

where γ is the penalty factor, and P (X) is the constraint-
violation function. For constraint-violating particles, a large
penalty is imposed to reduce the probability of their selection
as the optimal solution.

5.3. Case Study
The first conventional DC link was initially operated at 50% of
the rated DC transmission power with eight double-tuned filter
banks in service. The second conventional DC link operates at
40% of the rated DC transmission power, with six double-tuned
filter groups in service. When the first conventional DC link is
disturbed and its DC transmission power is reduced to 25%,
the numbers of DT11/24 and DT13/36 filter groups in service
must be adjusted to avoid reactive power overcompensation.

Under these operating conditions, DPSO was used to optimize
the double-tuned filter configurations of the two conventional
HVDC converter stations. Infeasible schemes are screened out
according to equipment configuration, minimum filtering, re-
active power balance, and power-quality constraints; the candi-
date configuration schemes listed in Table 4 are thus obtained.
As shown in Fig. 10, the fitness values of the schemes dif-

fer significantly, indicating that the number of double-tuned
filter groups directly affects the overall harmonic interaction
level of the HMIDC system. Scheme 4 has the lowest fitness
value, demonstrating that it achieves the best harmonic interac-
tion suppression while satisfying all the operating constraints.
Compared with the other schemes, Scheme 4 does not only re-
duce the number of filter groups in one link. Instead, it forms
a more rational combination of filter groups between the two
conventional DC links, thereby meeting the requirements of re-
active power compensation, power quality, and harmonic inter-
action suppression simultaneously.
Figure 11 depicts alterations in the magnitudes of the har-

monic current interaction influence coefficients among differ-
ent DC links before and after optimization of the filter switching
strategy. After conducting global optimization using DPSO,
the interaction influence coefficients between the two conven-
tional DC links at the 11th harmonic experience a slight in-
crease. This indicates that, subject to reactive power compen-
sation and minimum filtering requirement constraints, the op-
timization process does not minimize every interaction chan-
nel independently. Overall, the optimized scheme effectively
mitigates the influence of the harmonic interaction of conven-
tional HVDC links on the MMC-HVDC link. In particular,
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at the 13th harmonic, the interaction strength from the second
conventional HVDC link to the MMC-HVDC link is reduced
by approximately 32%. This result indicates that the proposed
method is capable of reducing the harmonic interaction level of
the HMIDC system from the overall system perspective while
ensuring compliance with engineering operation constraints.

6. CONCLUSION
To tackle the challenge of quantifying the impact of AC fil-
ter switching on cross-station harmonic interactions in HMIDC
systems, as well as the tendency of conventional filter configu-
ration methods to emphasize local mitigation, this study estab-
lishes a filter configurationmethod oriented toward suppressing
overall system harmonic interactions. The main conclusions
are as follows:
The comprehensive evaluation index constructed using har-

monic current interaction influence coefficients can simultane-
ously represent the local harmonic effect of each conventional
DC link, the interaction between conventional DC links, and
the harmonic influence of conventional DC links on the MMC-
HVDC link. The normalized sensitivity analysis further shows
that the AC filter parameters have a more significant influence
on the comprehensive harmonic interaction index at the 11th
and 13th characteristic harmonics. This indicates that varia-
tions in the AC filter impedance are important factors affecting
the harmonic interaction strength of HMIDC systems. There-
fore, coordinated AC filter switching provides a directly ad-
justable means of regulating harmonic current redistribution in
HMIDC systems.
The influence of AC filter switching on harmonic interac-

tions exhibits clear system coupling characteristics. After fil-
ters are switched out, the ability of the corresponding link to
absorb characteristic harmonics decreases, and the harmonic
current flowing into the AC system increases. Meanwhile,
switching out the filters changes both the nodal impedance ma-
trix and the current-distribution relationships among the DC
links, and the harmonic currents in other DC links are also af-
fected. Hence, in an HMIDC system, the AC filter configu-
ration should not be determined only according to the reactive
power demand or local harmonic level of a single converter sta-
tion. The influence of this on the harmonic interaction strength
of other links should also be considered.
The optimization model established with the numbers of

double-tuned filter groups in service as discrete variables can
coordinate the filter combinations of the two conventional
HVDC converter stations under equipment configuration, min-
imum filtering requirements, reactive power compensation, and
power-quality constraints. The case study results show that the
optimized configuration reduces the overall system harmonic
interaction level. In particular, at the 13th harmonic, the in-
teraction strength from the second conventional HVDC link to
the MMC-HVDC link decreases by approximately 32%. This
indicates that the proposed method can improve the harmonic
interaction characteristics of HMIDC systems while satisfying
engineering operation constraints and can provide a reference
for formulating AC filter switching strategies in hybrid multi-
infeed DC systems.
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