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for Hybrid Multi-infeed HVDC System
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Abstract——During the power modulation process of line com‐
mutated converter-based high-voltage direct current (LCC-
HVDC), the transient power mismatch between the fast-change 
converter station and the slow-response reactive power compen‐
sators (RPCs) can cause transient voltage disturbances at the 
weak sending end of the AC grid. To mitigate such voltage dis‐
turbances, this paper proposes a coordinated feedback power 
control method for the hybrid multi-infeed HVDC (HMI-
HVDC) system comprising an LCC-HVDC and voltage source 
converter-based HVDC (VSC-HVDC) systems. The mechanism 
of the disturbance caused by transient power mismatch is quan‐
titatively analyzed, and the numerical relationship between the 
instantaneous unbalanced power and the AC voltage is derived. 
Based on the numerical relationship and considering the time-
varying relationship of reactive power between converter sta‐
tions, the unbalanced power is set as the feedback and coordi‐
nately distributed among the inverter stations of VSC-HVDC, 
and the rectifier and the inverter stations of LCC-HVDC. Simu‐
lation results verify that the proposed method can effectively 
suppress voltage disturbance without relying on remote commu‐
nication, thus enhancing the operation performance of the HMI-
HVDC system.

Index Terms——Coordinated control, line commutated convert‐
er-based high-voltage direct current (LCC-HVDC), sending end 
system, voltage disturbance, voltage source converter-based 
HVDC.

I. INTRODUCTION 

TRANSMITTING via line commutated converter-based 
high-voltage direct current (LCC-HVDC) systems is 

one of the most effective methods to accommodate large-
scale onshore renewable energy, where power modulation is 
the primary method to deal with the intrinsic fluctuation of 
renewable energy [1], [2]. However, the reactive power con‐
sumed by the rectifier of an LCC-HVDC system varies rap‐
idly with changes in the DC power, whereas the convention‐

al mechanical switched filters exhibit slow responses, lead‐
ing to mismatches in the transients of the reactive power dur‐
ing the switching processes of power modulations, inducing 
transient AC voltage disturbances. Moreover, the low short 
circuit ratio (SCR) of the sending end system exacerbates 
the disturbance and could even result in system voltage insta‐
bility [3]-[6].

LCC-HVDC possesses weaknesses such as prone to com‐
mutation failure [7] - [9], whereas voltage source converter-
based HVDC (VSC-HVDC) can provide rapid reactive pow‐
er support to mitigate transient AC voltage disturbances on 
the rectifier side of the LCC-HVDC system [10]. Thus, the 
construction of a hybrid multi-infeed HVDC (HMI-HVDC) 
system comprising a VSC-HVDC system and an LCC-
HVDC system, where renewable energy is locally collected 
by VSC-HVDC system and subsequently transmitted over a 
long distance via the LCC-HVDC system, has emerged as a 
promising solution for large-scale renewable energy exploita‐
tion [11] - [15]. For instance, the Chongqing-Hubei back-to-
back project which forms a hybrid HVDC system with the 
Longzheng HVDC rectifier station, is in operation in China 
[16], [17]. Unlike point-to-point HVDC transmission, the in‐
ter-HVDC dynamic interactions impart HMI-HVDC systems 
with greater potential to mitigate AC voltage disturbances 
while presenting greater challenges to the system operation 
and control [18]-[21]. To suppress the voltage disturbance, it 
is important to ensure that the two HVDCs system do not in‐
teract negatively in any scenario. Additionally, a higher con‐
trol burden and lower efficiency are obtained by adjusting 
just one controllable device. Therefore, the coordination be‐
tween LCC-HVDC system and VSC-HVDC system is neces‐
sary and emphasized.

To mitigate the AC voltage disturbance in the HMI-
HVDC system, measures for mitigating the AC voltage dis‐
turbance in the HMI-HVDC system can be implemented 
from either the LCC-HVDC side or the VSC-HVDC side. 
Measures on the LCC-HVDC side can be further divided in‐
to installing additional equipment and modifying the existing 
control strategies for LCC-HVDC systems. Measures on the 
VSC-HVDC side focus on modifying the existing reactive 
power decoupling outer-loop control strategy.

Conventional methods involve installing additional reac‐
tive power compensation equipment such as a static var com‐
pensator (SVC) and a static compensator (STATCOM) [22], 
[23], at LCC-HVDC rectifier stations. However, such meth‐
ods incur further costs. Without adding additional costs, 

Manuscript received: August 21, 2023; revised: January 4, 2024; accepted: 
April 2, 2024. Date of CrossCheck: April 2, 2024. Date of online publication: 
May 3, 2024. 

This work was supported in part by the State Key Laboratory of Alternate 
Electrical Power System with Renewable Energy Sources (No. LAPS23020).

This article is distributed under the terms of the Creative Commons Attribu‐
tion 4.0 International License (http://creativecommons.org/licenses/by/4.0/).
   J. Zhang, Q. Xie, Z. Zheng (corresponding author), Y. Zou, and J. Ren are 
with the College of Electrical Engineering, Sichuan University, Chengdu 
610065, China (e-mail: jiachen_zhang0921@163. com; xieqi365@outlook. com; 
scuzzx@163.com; 649532146@qq.com; renjieholmesjay@163.com).
   C. Guo is with the State Key Laboratory for Alternate Electrical Power Sys‐
tem with Renewable Energy Sources, North China Electric Power University, 
Beijing 102206, China (e-mail: chunyiguo@outlook.com).

DOI: 10.35833/MPCE.2023.000586

2045



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 12, NO. 6, November 2024

methods by controlling the reactive power consumption to 
adjusting the DC voltage have been proposed in [24], [25]. 
However, it is widely acknowledged that the dynamic volt‐
age support capability under transient conditions is limited 
owing to its thyristor-based principle and the nature of the 
coupled active and reactive power control. Adjusting the re‐
active power output of the LCC-HVDC rectifier as desired 
using LCC-HVDC transmission alone affects the normal op‐
eration of the system and increases the regulatory burden of 
the system.

On the VSC-HVDC side, [26] proposes reactive power/
voltage droop control strategies for VSCs connected to re‐
newable energy sources to suppress power fluctuation distur‐
bances. Reference [12] improves the transient characteristics 
of LCC-HVDC by feeding back the difference of transmitted 
reactive power between VSC-HVDC and LCC-HVDC after 
commutation failures to the constant AC voltage control of 
VSC-HVDC using a proportional-integral (PI) controller. In 
[27], a collaborative reactive power control strategy with 
VSC-HVDC and filter coordination is proposed to reduce 
LCC-HVDC filter switching, essentially feeding back the re‐
active power compensation value to VSC-HVDC using a PI 
controller. Reference [28] aims to suppress transient low- 
and over-voltages by calculating the reactive power compen‐
sation value based on the slope of the firing angle of the 
LCC-HVDC rectifier after a commutation failure. Although 
these strategies utilize the VSC to improve system stability, 
the potential for coordinated regulation between VSC-HVDC 
and LCC-HVDC has not been fully exploited. Considering 
that the capacity of VSC-HVDC is significantly lower than 
that of LCC-HVDC, which limits the adjustment capabilities 
of a single DC regulation resource, higher control burden 
and lower efficiency are observed by just adjusting VSC-
HVDC. In addition, existing control strategies, while incor‐
porating given supplementary control instructions, are most‐
ly based on PI controllers for qualitative control, which lack 
quantitative analysis of the control instructions. The effec‐
tiveness of these control methods requires further enhance‐
ment.

In this paper, we derive a quantitative relationship be‐
tween unbalanced power and AC voltage based on mecha‐
nism analysis of the transient AC voltage disturbances at the 
sending end of the grid during the switching process of LCC-
HVDC power modulation. Moreover, we propose a coordi‐
nated feedback power control method for HMI-HVDC that 
aims to mitigate the sending end AC voltage disturbance dur‐
ing the switching process of LCC-HVDC power modulation. 
In the proposed method, considering the time-varying rela‐
tionship of reactive power between converter stations, unbal‐
anced power is designated as the feedback and is coherently 
distributed among the multiple controllable resources to 
achieve mutually reinforcing control effects. The proposed 
method can be used to achieve a lower control burden and 
higher control efficiency without relying on remote commu‐
nication.

The remainder of this paper is organized as follows. Sec‐
tion II presents mechanism analysis of the AC voltage distur‐
bance at LCC-HVDC sending end. Section III proposes the 

coordinated control method. Section IV verifies the method 
with simulations. Finally, Section V concludes the paper.

II. MECHANISM ANALYSIS OF AC VOLTAGE DISTURBANCE 
AT LCC-HVDC SENDING END 

A. Brief Descriptions of HMI-HVDC System

A typical HMI-HVDC system is shown in Fig. 1, where 
the part of renewable power is gathered to the point of com‐
mon coupling (PCC) through VSC-HVDC. The power is 
then transmitted over long distances to load centers via the 
large-capacity LCC-HVDC system, along with other large-
scale wind power gathered through AC lines.

B. Mechanism of AC Voltage Disturbances Caused by Tran‐
sient Power Mismatch

Considering that LCC-HVDC transmission power changes 
quickly during the switching process of HVDC power modu‐
lation, the inherent randomness and volatility of wind power 
invariably result in significant fluctuations in LCC-HVDC 
power transmission. Consequently, a recurrent switching of 
traditional reactive power compensation devices occurs. This 
frequent switching increases the wear and tear of the equip‐
ment, thereby diminishing its lifespan [29]. Furthermore, the 
mechanical switching device of reactive power compensation 
usually equipped in LCC-HVDC has a long switching pro‐
cess. Generally, the switching process of the mechanical 
fixed capacitor usually sustains 200 ms [30]. Consequently, 
when variations in transmission power occur, both the trans‐
mitted active power and the consumed reactive power alter, 
whereas the reactive power compensation devices continue 
to generate the reactive power required prior to the power 
change, owing to their extended switching process. This dis‐
junction in reactive power results in voltage disturbances at 
the PCC, which could trigger voltage stability problems, fur‐
ther exacerbating the challenges already faced due to the dy‐
namic nature of the power generation sources.

To simplify the analysis, an equivalent circuit that corre‐
sponds to Fig. 1 is established, as shown in Fig. 2. Utilizing 
the Thevenin equivalent method, the entire sending end AC 
system including wind farms is represented by a voltage 
source with a reactance. AC filters and reactive compensa‐
tors are represented by an equivalent capacitor.
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Fig. 1.　Typical HMI-HVDC system.
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As shown in Fig. 2, Ue, Upr, and Upi are the equivalent 
voltage of the AC system, AC voltage at the PCC, and AC 
voltage on the LCC-HVDC inverter side, respectively; Udr 
and Udi are the DC voltages on the LCC-HVDC rectifier and 
inverter sides, respectively; Idc is the DC current of LCC; Pac 
and Qac are the active power and reactive power provided by 
the AC system, respectively; Pvsc and Qvsc are the active pow‐
er and reactive power transmitted by VSC-HVDC, respec‐
tively; Pdr and Qdr are the active power and reactive power 
consumed by the LCC-HVDC rectifier station, respectively;  
Pdi and Qdi are the active power and reactive power con‐
sumed by the LCC-HVDC inverter station, respectively; Qcr 
and Qci are the reactive power provided by the rectifier sta‐
tion filters and the inverter station filters, respectively; Xeq is 
the equivalent reactance of AC system; XL is the equivalent 
reactance of tie line; and ΔPr and ΔQr are the unbalanced ac‐
tive power and unbalanced reactive power injected into the 
AC system, respectively.

The power relationships of AC and DC systems are:

Pdr =Pac +Pvsc (1)

Qdr =Qac +Qcr +Qvsc (2)

Generally, ΔPr and ΔQr shown in Fig. 2 are both zero. As‐
suming that VSC-HVDC maintains constant active and reac‐
tive power control operation, when the transmission power 
of LCC-HVDC changes, ΔPr and ΔQr will change according‐
ly owing to the variations of Pdr and Qdr. Therefore, Upr will 
deviate from the rated value and can be calculated by UprN. 
ΔPr and ΔQr are defined as follows:

DPr =PacN -Pac =PacN -Pdr +Pvsc (3)

DQr =QacN -Qac =QacN -Qdr +Qcr +Qvsc -DQ1 (4)

where the subscript N indicates the value under normal con‐
ditions; and ΔQ1 is the reactive power loss on the equivalent 
reactance of the AC system, assuming that the filter does not 
react owing to its inherent delay.

Qcr and ΔQ1 can be expressed as:

Qcr = ( Upr

UprN ) 2

QcN (5)

DQ1 =
(Pac + jQac )2

U 2
pr

Xeq (6)

Then, Upr can be derived as:

Upr = ( )UprN +
DQr Xeq

UprN

2

+ ( )DPr Xeq

UprN

2

(7)

Upr can be calculated by solving the above equations. Our 
previous work has revealed that both ΔQr and ΔPr lead to 
variations in Upr, whereas the former is the dominant factor, 
and the variation of Qdr is the direct cause of the unbalanced 
power exchange between the sending end AC system and 
the HVDC system during the change of transmission power. 
Pdr also has some minor effects. Therefore, the analysis of 
the AC voltage disturbance should focus on the change of 
Qdr. Based on the quasi-steady state model of LCC-HVDC 
[31], Qdr can be expressed as:

Qdr = Idc
é
ë
êêêê

18
π2

N 2T 2U 2
pr (1 - cos2 α)-

9
π2

N 2 X 2
r1 I 2

dc +

ù

û

ú
úú
ú18 2

π2
N 2TUpr cos αXr1 Idc

1
2

(8)

where N is the number of six pulse converters; T is the turn 
ratio of the converter transformer; α is the firing angle of the 
rectifier station; and Xr1 is the commutation reactance of the 
rectifier.

Equation (8) reveals that Qdr is primarily determined by 
Idc and α. The equation implies that Qdr is almost proportion‐
al to Idc and the relationship between α and Qdr follows a co‐
sine function [32]. When the LCC-HVDC transmission pow‐
er increases, the increase in Pdr induces a negative ΔPr, and 
concurrently, the increased Idc results in a higher Qdr, thereby 
causing a negative ΔQr. The combined effect of ΔQr and 
ΔPr contributes to a decrease in Upr. Similarly, when the 
transmission power decreases, the combination of ΔQr and 
ΔPr ultimately increases Upr. In essence, the fundamental 
strategy to mitigate AC voltage disturbances at the sending 
end revolves around eliminating the power imbalance within 
the HMI-HVDC system.

III. PROPOSED COORDINATED CONTROL METHOD 

A. Overall Principle of Coordinated Control Method

As renewable energy installations expand, substantial im‐
pacts on the grid, potentially unmanageable for individual re‐
gional grids, could arise from large-scale renewable power. 
However, these impacts can be mitigated by dynamically ad‐
justing the transmission power in real time to relocate the in‐
fluence of renewable energy fluctuations to larger power 
grids, thereby ensuring grid stability and safety. Consequent‐
ly, an effective strategy would involve utilizing all three con‐
trollable resources within the HMI-HVDC system, i. e., the 
inverter station of VSC-HVDC, and rectifier and inverter sta‐
tions of LCC-HVDC, holistically to stabilize the unbalanced 
power between the sending end AC system and the HVDC 
system. By considering the time-varying relationship of reac‐
tive power between the controllable resources and leveraging 
the quantified relationship between unbalanced power and 
AC voltage, the proposed coordinated control method en‐
ables more efficient use of the available resources. This 
method not only reduces the control burden exerted on each 
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Fig. 2.　Simplified equivalent circuit for analysis.
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resource but also contributes to improving the resiliency of 
the overall system. More importantly, this comprehensive 
strategy improves the system capacity to suppress voltage 
disturbances, thereby more effectively addressing the prima‐
ry problem at hand. Accordingly, the proposed method opti‐
mizes resource utilization and system performance simultane‐
ously. The flowchart of the proposed method is illustrated in 
Fig. 3.

Considering the time-varying relationship of reactive pow‐
er between the converter stations, the unbalanced reactive 
power, as defined in (4), is the difference between the reac‐
tive power provided by the filters and the reactive power 
consumed by the LCC-HVDC rectifier station. To address 
the imbalances in reactive power, the reactive power com‐
pensation value, as determined by (7), is fed back to the re‐
active power control of the VSC-HVDC inverter station. 
This enables the absorption of excessive reactive power sup‐
plied by the filter, while also compensating for the reactive 
power that the filter fails to supply. Second, a compensation 
value for α is calculated using the relationship between Qdr 
and α, as delineated in (8). The value is then fed back to the 
constant direct current control of the LCC-HVDC rectifier 
station, facilitating Qdr to gravitate toward its value preced‐
ing the change in transmission power. This strategy not only 

alleviates the control burden imposed on the VSC-HVDC 
owing to capacity constraints, but also enhances the speed 
and efficacy of the control response.

Additionally, for conventional control strategies, the LCC-
HVDC inverter maintains the extinction angle γ at a specific 
value regardless of the changes in the reactive power de‐
mand. Therefore, if the LCC-HVDC is to further enhance 
the AC voltage support of the rectifier side, fast communica‐
tion between both ends is required, which increases imple‐
mentation costs and reduces system reliability. By adjusting 
the DC voltage, we can control the reactive power consump‐
tion of the LCC-HVDC rectifier station. This objective is 
achieved by calculating the compensation value for γ using 
local power change information and then feeding it back to 
the constant extinction angle control of the LCC-HVDC in‐
verter station. Such adjustment enables the regulation of DC 
voltage, and consequently, the control of Qdr. Collectively, 
regulating Qdr by simultaneously leveraging α and γ results 
in the optimized use of power regulation resources. In addi‐
tion to alleviating the regulatory burden on Qdr in the LCC-
HVDC rectifier station, it also enhances control performance.

In addressing the imbalances in active power, the active 
compensation value, determined according to (7), is calculat‐
ed and fed back to the active power control of the VSC-
HVDC inverter station, thereby mitigating the unbalanced ac‐
tive power.

Based on the aforementioned analysis, the proposed meth‐
od comprehensively employs multiple controllable resources, 
as shown in Fig. 4, including the unbalanced power quantita‐
tive feedback control at the VSC-HVDC inverter station, the 
firing angle quantitative feedback control at the LCC-HVDC 
rectifier station, and the extinction angle quantitative feed‐
back control at the LCC-HVDC inverter station.

B. Unbalanced Power Quantitative Feedback Control of 
VSC-HVDC Inverter Station

Unlike LCC-HVDC, VSC-HVDC can achieve the decou‐
pling control of active and reactive power. As illustrated in 
Fig. 4, the VSC-HVDC inverter station adopts constant ac‐
tive power control and constant AC voltage control, where 
Uac and Uacref are the measured and reference values of the 
AC voltage at PCC, respectively; P and Pref are the mea‐
sured and reference values of the VSC-HVDC active power, 
respectively; iqref and idref are the reference values of reactive 
current and active current of the inner loop control in VSC-
HVDC, respectively.

The constituents of ΔPr and ΔQr, namely the active and 
reactive quantities, can be captured in real time at the con‐
nection point of the VSC-HVDC inverter station and subse‐
quently be fed back to the outer loop control of the VSC-
HVDC system via telecommunication networks. First-order 
filters are utilized to address potential measurement delays 
and ensure continuity of the measured values.

To avoid frequent actions of the proposed method, upper 
and lower dead zones, ΔQH and ΔQL, respectively, are estab‐
lished. When ΔQr exceeds the boundaries of the dead zone 
[ΔQH, ΔQL ], switch A is engaged. Subsequently, the AC volt‐
age compensation value, corresponding to ΔQr and deter‐
mined by its relationship with the AC voltage at PCC per 
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(7), is fed back to the constant AC voltage control. Simulta‐
neously, ΔPr is incorporated into the constant active power 
control. The quantitative incorporation of both ΔQr and ΔPr 

significantly enhances the response rates of iqref and idref, opti‐
mizing the use of VSC-HVDC for suppressing transient pow‐
er imbalances.

C. Firing Angle Quantitative Feedback Control of LCC-
HVDC Rectifier Station

According to (8), the relationship between α and Qdr fol‐
lows a cosine function, with an initial operation state of α=
17°. During a decrease in LCC-HVDC transmission power, 
an overcompensation of reactive power arises from the com‐
bined effects of Qdr reduction and filter action delay. By in‐
creasing α, Qdr can be increased, thereby absorbing a portion 
of the surplus reactive power. Conversely, in the event of an 
increase in LCC-HVDC transmission power, under-compen‐
sation of reactive power by the filter can be avoided by de‐
creasing α, thus reducing Qdr. The strategy significantly en‐
hances the reliability and stability of the power system by 
ensuring a more balanced reactive power distribution during 
fluctuations in transmission power.

According to the quasi-steady state model of LCC-HVDC, 
the following relationships can be obtained:

Qdr =Pdr tan φr =Pdr

1
cos2 φr

- 1 (9)

cos φr =
Udr

Ud0r

= cos α -
Xr1 Idc

2 TUpr

(10)

where Ud0r and φr are the open-circuit DC voltage and power 
factor angle on the rectifier side, respectively. 

From (9) and (10), the numerical relationship between α 
and Qdr can be derived as:

α = arccos

ì

í

î

ïïïï

ïïïï
1  

é

ë

ê
êê
ê
ê
ê ù

û

ú
úú
ú
ú
ú( )Qdr

Pdr

2

+ 1 +
Xr1 Idc

2 TUpr

ü

ý

þ

ïïïï

ïïïï
(11)

When the transmission power changes, the following rela‐
tionship is satisfied.

{ DPdr =PdrN -Pdr

DQdr =QdrN -Qdr
(12)

DIdc = IdcN - Idc (13)

Combining (11), the feedback value of the firing angle 
can be expressed as (14), which is fed back to the constant 
DC current control of the LCC-HVDC rectifier station, as 
shown in Fig. 4, where Idc and Idcref are the measured and ref‐
erence values of DC current, and ΔαH and ΔαL are the upper 
and lower firing angle limits of the dead zone, respectively.

Dα = arccos

ì

í

î

ïïïï

ïïïï
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é
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êê
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ú
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ú( )DQdr
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2

+ 1 +
Xr1DIdc

2 TUpr
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ý
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(14)

The control method enables the adjustment of α according 
to the measured value of the reactive power consumption on 
the rectifier side of the LCC-HVDC, and thus the burden at 
the VSC-HVDC inverter station to regulate reactive power 
can be relieved, which enables the further improvement of  
the performance on unbalanced power suppression.

D. Extinction Angle Quantitative Feedback Control of LCC-
HVDC Inverter Station

Despite the contribution of adjusting α in the LCC rectifi‐
er station to the suppression of unbalanced power, in the con‐
text of the HVDCs connected to weak grids, where the AC 
voltage fluctuates sensitively based on the active power and 
reactive power of the HVDC, the controllable range of reac‐
tive power is finite because the extent of α variation must be 
limited to prevent HVDC malfunction. Furthermore, adjust‐
ing other relevant parameters of the rectifier station would 
escalate the regulatory burden and potentially push α beyond 
an acceptable range. Further work to control the reactive 
power of the LCC rectifier connected to a weak grid is need‐
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ed, thereby reducing the power regulatory burden of the 
LCC-HVDC rectifier station and extending the regulation 
range.

The DC current of the LCC-HVDC system can be ex‐
pressed as:

Idc =
Udr -Udi

R
(15)

where R is the DC circuit resistance. From (8) and (15), Idc 
is almost proportional to Qdr, and it is also proportional to 
the difference ΔU between Udr and Udi. When variations oc‐
cur in the LCC-HVDC transmission power, Udr and Udi ex‐
hibit similar trends but with varying magnitudes of change. 
As previously mentioned, the LCC-HVDC inverter station 
adopts constant extinction angle control, enabling the regula‐
tion of the DC voltage by adjusting γ. Consequently, ΔU can 
be controlled through this manipulation. The reactive power 
consumption can be effectively regulated by adjusting γ 
through a numerical relationship.

Furthermore, the regulation of reactive power via control‐
ling γ at the LCC-HVDC inverter station not only reduces 
the regulatory burden at the rectifier station but also broad‐
ens the range of adjustment for unbalanced power, effective‐
ly utilizing the existing controllable resources. Further im‐
provement in the suppression effect on unbalanced power is 
achievable through the coordinated adjustment of α and γ. Si‐
multaneously, it ensures that system operation parameters 
such as DC voltage remain within acceptable ranges.

In the context of the LCC-HVDC inverter station, the fol‐
lowing relationships can be derived:

Ud0i =
3 2
π

NTUpi
(16)

Udi =Ud0i cos γ -
3
π

Xr2 NIdc (17)

where Ud0i is the open-circuit DC voltage on the inverter 
side; and Xr2 is the commutation reactance of the inverter sta‐
tion.

Considering the communication delay between the LCC-
HVDC rectifier and inverter stations, the quantitatively calcu‐
lated feedback value of γ relies on local information gath‐
ered at the inverter station. Subsequently, the following rela‐
tionships are established.

Qdi =Pdi tan φi =Pdi

1
cos2 φi

- 1 (18)

cos φi =
Udi

Ud0i

= cos γ -
Xr2 Idc

2 TUpi

(19)

{DPdi =PdiN -Pdi

DQdi =QdiN -Qdi
(20)

where φi is the power factor angle of the inverter station.
From (18)-(20), the quantitative feedback value for the ex‐

tinction angle can be articulated as in (21). The value is sub‐
sequently appended to the constant extinction angle control 
at the LCC-HVDC inverter station, as shown in Fig. 4, 
where γref is the reference value of the extinction angle; γcec 
is the output value of the current error controller; and ΔγH 

and ΔγL are the upper and lower thresholds of the action 
dead zone for the extinction angle, respectively.

Dγ = arccos
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When the transmitted power changes, if Δγ exceeds the 
upper or lower thresholds of the action dead zone, it is fed 
back to the constant extinction angle control to expedite the 
regulation of Qdr by the LCC-HVDC inverter station.

IV. SIMULATION RESULTS 

A. Simulation Conditions

A test system, as illustrated in Fig. 1, is constructed in 
PSCAD/EMTDC to support the research and verify the valid‐
ity and superiority of the proposed method. The parameters 
of LCC-HVDC and VSC-HVDC are detailed in Appendix A 
Table AI. Sending end AC systems, including wind farms, 
are represented according to Thevenin’s theorem [31], [32]. 
Under Thevenin equivalent, the output power of the AC sys‐
tem can undergo instantaneous changes. Most wind farms in 
the real world are located at outlying weak AC systems, 
whose SCR is generally less than 3 [33]. The SCR of the 
AC system connected to the LCC is set to be 2.5, which is a 
weak grid. The changes in LCC-HVDC operation conditions 
during the switching process of power modulation are simu‐
lated by adjusting the LCC-HVDC DC current order. Consid‐
ering that the reactive power of the system fluctuates during 
stable operation, ΔQH = 20 Mvar and ΔQL = –20 Mvar. Ac‐
cording to [34], [ΔαH, ΔαL ] is set to be [2.5°, –2.5°] and 
[ΔγH, ΔγL ] is set to be to [1°, –1°]. The LCC-HVDC system is 
constructed based on the CIGRE benchmark [35], and VSC-
HVDC is constructed according to [36], with both being de‐
tailed electromagnetic transient models.

In the proposed method, for the rectifier and inverter com‐
ponents of the LCC-HVDC, the feedback value for control 
is determined by utilizing locally available information. Re‐
garding the inverter component of the VSC-HVDC within 
the proposed method, the feedback value for control is deter‐
mined by the power information of the PCC. Given the mini‐
mal electrical distance that separates the VSC-HVDC invert‐
er station from the LCC-HVDC rectifier station, the influ‐
ence of communication delay is considered relatively insig‐
nificant. A first-order inertial link is established to simulate 
communication delay, marked by a proportionality factor G 
of 1.0 and a time factor T of 0.01 s.

To verify the effectiveness of the proposed method, the 
performance of the proposed method is compared with the 
other three methods under LCC-HVDC transmission power 
change.

1) Method A: VSC-HVDC reactive power control adopts 
constant reactive power control, and LCC-HVDC adopts de‐
fault control.

2) Method B: VSC-HVDC reactive power control adopts 
constant AC voltage control, and LCC-HVDC reactive pow‐
er control adopts default control.

3) Method C: VSC-HVDC adopts reactive power coordi‐
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nation control [12], and LCC-HVDC adopts default control.
4) Method D: proposed method.

Adjustments to the LCC-HVDC transmission power are 

performed by modulating Idc in coordination with the opera‐

tion of the transformer taps.

B. LCC-HVDC Transmission Power Decrease

In the scenario where the active power of DC transmission 
decreases following a decline in wind power, the DC current 
order of LCC-HVDC changes from 1.0 p. u. to 0.7 p. u. at 
t = 3 s. The simulation results are shown in Fig. 5(a)-(i).
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Fig. 5.　Simulation results under LCC-HVDC transmission power change. (a) Upr under power decrease. (b) Qvsc under power decrease. (c) DQr under pow‐

er decrease. (d) DPr under power decrease. (e) α under power decrease. (f) γ under power decrease. (g) Qdr under power decrease. (h) Qcr under power de‐

crease. (i) Udc under power decrease. (j) Upr under power increase. (k) Qvsc under power increase. (l) DQr under power increase. (m) DPr under power in‐
crease. (n) α under power increase. (o) γ under power increase. (p) Qdr under power increase. (q) Qcr under power increase. (r) Udc under power increase.
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The comparison of variables under power decrease is pre‐
sented in Appendix A Table AII.

In terms of the control efficacy, it can be observed from 
Fig. 5(a), (c), and (d) that when the LCC-HVDC transmis‐
sion power decreases, method A, which can be considered as 
the initial control, exhibits a maximum voltage of 1.143 p.u.. 
The minimum unbalanced reactive power reaches –345.485 
Mvar. The imbalance in reactive power ΔQr at PCC is com‐
posed of Qdr, which deviates from its normal operation rated 
value, and the excessive Qcr, as shown in Fig. 5(g) and (h). 
According to Table AII, ΔQdr reaches 204.781 Mvar, and Qcr 
reaches 882.268 Mvar. Meanwhile, Udc increases as shown 
in Fig. 5(i). In method B, with the implementation of con‐
stant AC voltage control, once the voltage at PCC exceeds 
its rectified value due to unbalanced power, the VSC- 
HVDC inverter station absorbs excessive reactive power to 
suppress overvoltage. Method C accelerates the transmission 
rate of Qvsc by attaching the difference of reactive power be‐
tween VSC and LCC transmission via a PI controller based 
on method B. As a result, methods B and C decrease the 
maximum Upr from 1.143 p.u. to 1.073 p.u. and 1.037 p.u., 
respectively, and the minimum value of unbalanced reactive 
power is enhanced from –345.485 Mvar to –126.039 Mvar 
and –34.530 Mvar, respectively. Furthermore, in method B, 
as shown in Fig. 5(g) and (h), under the slow recovery of 
AC voltage, Qcr progressively decreases its excessive reac‐
tive power output to 724.071 Mvar. However, Qdr deviates 
more from its rated value under normal operation QdrN com‐
pared with the scenario where VSC-HVDC does not provide 
reactive power support, i.e., method A. This phenomenon is 
also observed with method C. As indicated in Table AII, 
ΔQdr reaches 321.070 Mvar and 326.484 Mvar, respectively. 
The proposed method D exhibits the best performance 
among all these methods, reducing the maximum voltage to 
1.014 p.u., enhancing the minimum unbalanced reactive pow‐
er value to –20.769 Mvar, and suppressing unbalanced active 
power. Moreover, this enables Qvsc to dynamically interact 
with Qdr and Qcr. The increase in ΔQdr is effectively con‐
trolled, which reaches 238.056 Mvar. Additionally, Qcr re‐
turns to its normal output more swiftly, which reaches 
649.134 Mvar, and the increase in DC voltage is further de‐
creased. It is evident that methods B, C, and D are more ef‐
fective in suppressing the overvoltage compared with meth‐
od A, but method D stands out by more precisely compensat‐
ing for instantaneous unbalanced power.

In terms of the response speed, Table AII indicates that, 
compared with methods B and C, method D achieves shorter 
peak time for Upr, specifically 3.157 s. Additionally, as 
shown in Fig. 5(b), method D results in a more rapid VSC-
HVDC response in terms of absorbing reactive power, 
whereas the firing and extinction angles of LCC-HVDC are 
adjusted to the corresponding integer values faster during 
power transmission reductions. These results imply that  
method D can respond more rapidly to unbalanced power.

In terms of the integrated utilization of controllable re‐
sources, Fig. 5(b) demonstrates that, compared with methods 
B and C, method D requires VSC-HVDC to absorb less reac‐
tive power, thus reducing the burden of reactive power regu‐

lation. Furthermore, successful voltage disturbance suppres‐
sion is attributable in part to the effective control over reac‐
tive power consumption at the LCC-HVDC rectifier station, 
which is closely tied to adjustments in the firing and extinc‐
tion angles. As shown in Fig. 5(e) and (f), the firing angle at 
the LCC-HVDC rectifier station and the extinction angle at 
the LCC-HVDC inverter station are coordinated and con‐
trolled, being adjusted to the corresponding integer value 
based on a predefined numerical relationship. The adjust‐
ment enhances the reactive power consumption of the rectifi‐
er station while mitigating excessive drops in the firing an‐
gle to achieve the desired control effect. It can be observed 
that owing to the improved characteristics of Qdr, the reac‐
tive power exchange between the sending end AC system 
and rectifier station is much smoother, confirming that meth‐
od D can make comprehensive use of multiple controllable 
resources and reduce the power regulation burden at each 
converter station.

C. LCC-HVDC Transmission Power Increase

Under this condition, the DC current instruction for LCC-
HVDC increases from 1.0 p.u. to 1.1 p.u. at t = 3 s. The sim‐
ulation results are shown in Fig. 5(j) - (r). A comparison of 
the variables under power increase is detailed in Appendix A 
Table AIII.

In terms of the control efficacy, as indicated in Fig. 5(j), 
(l), and (m), when the LCC transmission power increases, 
the minimum voltage for method A is 0.944 p.u., and the un‐
balanced reactive power reaches a maximum of 131.542 
Mvar. ΔQr at the PCC is composed of the excessive Qdr 
and the decreased Qcr, as shown in Fig 5(p) and (q), respec‐
tively. It is evident from Table AIII that ΔQdr reaches 
–56.493 Mvar, and Qcr reaches 552.167 Mvar. Meanwhile, 
Udc decreases as shown in Fig. 5(r). Methods B and C in‐
crease this minimum voltage to 0.965 p.u. and 0.985 p.u., re‐
spectively, and decrease  the maximum unbalanced reactive 
power to 83.800 Mvar and 26.585 Mvar, respectively. Qcr 
values are increased to 581.670 Mvar and 604.940 Mvar, re‐
spectively. However, as indicated in Table AIII, ΔQdr reaches 
–169.552 Mvar and –199.800 Mvar, respectively. This cre‐
ates a larger ΔQdr. As illustrated in Fig. 5(k), the VSC-
HVDC inverter station has to generate more reactive power 
to support the LCC-HVDC rectifier station, thereby impos‐
ing a greater burden on its reactive power control. Similar to 
its performance during power reduction, method D outper‐
forms other alternatives: it increases the minimum voltage to 
0.994 p.u., and decreases the maximum unbalanced reactive 
power to 17.170 Mvar, concurrently suppressing unbalanced 
active power. Additionally, the decrease in DQdr is sup‐
pressed to –153.52 Mvar. Qcr reaches 617.635 Mvar, and the 
drop in DC voltage is mitigated. Consequently, methods B, 
C, and D are more effective in mitigating the low voltage 
compared with method A, and it can be deemed that method 
D exhibits the best performance in suppressing the voltage 
disturbance.

In terms of response speed, as shown in Table AIII, com‐
pared with methods B and C, method D exhibits shorter 
peak time of 3.162 s for Upr . Moreover, as indicated in 
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Fig. 5(k), method D yields faster reactive power responses 
from VSC-HVDC, alongside quicker adjustments to the cor‐
responding setting values of firing and extinction angles of 
LCC-HVDC under power increase. This confirms that meth‐
od D provides a faster response to unbalanced power under 
both power increase and decrease.

When LCC-HVDC transmission power increases, the anal‐
ysis for the optimization of controllable resource usage is 
similar to the condition of power decrease, as shown in Fig. 
8(k), (n), and (o), which will not be repeated here.

D. Analysis of Proposed Method at Different Fluctuation 
Magnitudes of LCC-HVDC Transmission Power

To further validate the effectiveness and applicability of 
method D at different fluctuation magnitudes of the LCC-
HVDC transmission power, simulation analysis is performed 
for the above four methods with different degrees of power 
decrease and increase. The results are shown in Fig. 6, and 
the corresponding peak values are presented in Appendix A 
Table AIV.

Referring to Fig. 6(a) - (d), it can be observed that a de‐
crease in the DC current instruction increases Upr across all 
methods. However, method D can swiftly curtail the maxi‐
mum voltage to a small value before reinstating it to its nom‐
inal value. Upr fluctuation confines within ±0.05 p.u., which 
indicates that method D exhibits effective control perfor‐
mance across varying degrees of transmission power reduc‐
tion. Conversely, Fig. 6(e) - (h) illustrates that the minimum 
value of Upr for all methods decreases with an increase in 
the order. Despite this, method D displays superior control 
efficacy compared with the other methods. Additionally, the 
response speed of method D is faster, and its Upr fluctuation 
remains within ±0.05 p. u.. These observations demonstrate 
that method D provides optimal control effectiveness across 
different magnitudes of transmission power variations.

E. Analysis of Proposed Method with Individual Control 
Strategy

The proposed method includes control strategies on both 
the LCC-HVDC and VSC-HVDC sides. Based on the two 
cases of power increase and power decrease of Sections IV-
B and IV-C, this subsection compares the control effects of 
the LCC side control strategy and the VSC side control strat‐

egy as individual controls using the proposed method to fur‐
ther verify the its superiority. The simulation results under 
the three control methods are shown in Fig. 7, and the com‐
parison of variables under power decrease and increase is 
presented in Appendix A Table AV.

From Fig. 7 and Table AV, in both cases, methods that uti‐
lize only a single LCC or VSC side control are less effective 
than the proposed method in suppressing voltage disturbanc‐
es and are slower in addressing unbalanced reactive power. 
Moreover, compared with method with single control, the 
magnitude of reactive power adjustment in the proposed 
method is decreased, meaning that both LCC-HVDC and 
VSC-HVDC bear less reactive power control burden. The 
method with single LCC side control, as demonstrated by 
Fig. 7(d), (f), (j), and (l), mitigates the fluctuation of Qdr dur‐
ing the switching process of DC power modulation, enabling 
Qdr to change more smoothly, and simultaneously reduces 
the fluctuation of DC voltage, enhancing the operation char‐
acteristics of LCC-HVDC. As shown in Fig. 7(b) and (h), it 
is evident that single LCC side control also collaboratively 
reduces the control target of the single VSC side control, al‐
leviating the reactive power control burden on VSC-HVDC. 
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Fig. 6.　Simulation results at different fluctuation magnitudes of LCC-HVDC transmission power. (a) Upr with current order decreased from 1.0 p.u. to 
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However, regarding control effect and speed, from Fig. 7(a), 
(c), (g), and (i), the control response time of the single LCC 
side control is relatively slow, and its effectiveness in miti‐
gating voltage disturbances is not as good as single VSC 
side control and the proposed method. From Fig. 7(a), (c), 
(g), and (i), single VSC side control has a faster response 
time and a comparatively better voltage disturbance suppres‐
sion effect, enabling rapid compensation of reactive power. 
However, from Fig. 7(b), (h), (d), and (j), the VSC-HVDC 
inverter station has to transfer more reactive power, and the 

fluctuation of ΔQdr is larger. The proposed method enhances 
ΔQ suppression speed through coordinated control, and the 
magnitudes of Qvsc and ΔQdr are also decreased. With the AC 
voltage disturbance being more effectively suppressed, the re‐
active power provided by the filters is also restored more 
quickly, further reducing the feedback compensation added 
to the VSC-HVDC inverter station, presenting an overall vir‐
tuous cycle. Thus, lower control burden and higher control 
efficiency can be achieved through coordination.

F. Analysis of Proposed Method with Different VSC-HVDC 
Capacities

The capacity of the VSC-HVDC is selected to be 30%, 
50%, and 70% of the LCC operation capacity, corresponding 
to Svsc = 300 MVA, Svsc = 500 MVA, and Svsc = 700 MVA. The 
analysis aims to evaluate the control effectiveness of the pro‐
posed method with different VSC-HVDC capacities. As de‐
picted in Fig. 8, regardless of changes in the VSC-HVDC ca‐
pacity, the proposed method continues to successfully sup‐
press voltage disturbances. Notably, the suppression effect 
on Upr disturbances improves as the VSC-HVDC capacity in‐
creases. Under the same rated active power output of the 
VSC-HVDC system, the apparent power ratings differ. The 
larger the apparent power, the more reactive power the VSC-
HVDC can output. Therefore, with the increase of VSC-

HVDC capacity, it can provide greater reactive power sup‐
port during LCC-HVDC power modulation. This outcome in‐
dicates that the enhanced capacity of the VSC-HVDC invert‐
er station improves its capability to regulate unbalanced reac‐
tive power.

G. Effect of Electrical Distance Between Two Stations on 
Control Effect

To verify the influence of the electrical distance between 
the VSC-HVDC inverter station and the LCC-HVDC rectifi‐
er station on the proposed method, the electrical distance of 
the two stations is set to be 20 km, 40 km, and 60 km, and 
the effectiveness of the proposed method is analyzed under 
the changing operation conditions of the LCC-HVDC trans‐
mission power, respectively. The simulation results with dif‐
ferent tie line lengths are presented in Fig. 9.
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Fig. 7.　Simulation results under three control methods. (a) Upr under power decrease. (b) Qvsc under power decrease. (c) DQr under power decrease. (d) 
DQdr under power decrease. (e) Qcr under power decrease. (f) Udc under power decrease. (g) Upr under power increase. (h) Qvsc under power increase. (i) 
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Figure 9 illustrates that the proposed method maintains ef‐
fective voltage disturbance suppression during variations in 
the LCC-HVDC transmission power, even when the electri‐
cal distance between the two stations changes. As the electri‐
cal distance decreases, the proposed method demonstrates en‐
hanced suppression of Upr disturbances. This indicates that a 
longer electrical distance between the LCC-HVDC and VSC-
HVDC systems results in increased tie line losses, thus re‐
ducing the influence of the VSC-HVDC system on the LCC-
HVDC system. In practical engineering applications, where 
the LCC-HVDC rectifier station and the VSC-HVDC invert‐
er station are in close proximity, the proposed method can 
more effectively leverage the benefits of VSC-HVDC to mit‐
igate transient voltage disturbances caused by transmission 
power fluctuations in LCC-HVDC.

V. CONCLUSION 

The inherent delay of mechanical switch-based reactive 
power compensators is inadequate to satisfy the increasing 
variable power transmission demands, leading to power im‐
balance at the PCC during the switching process of DC pow‐

er modulation. ΔQr and ΔPr emerge as the primary contribu‐

tors to voltage disturbance. Consequently, a coordinated feed‐
back power control method for the HMI-HVDC system is 
proposed to mitigate the AC voltage disturbance at the send‐
ing end of LCC-HVDC. By calculating the feedback com‐
pensation values for the VSC inverter, the LCC rectifier, and 
the LCC inverter, the proposed method establishes a closed 
loop control to regulate the unbalanced power at the PCC 
based on the quantitative numerical relationship between the 
unbalanced power and the AC voltage, thus effectively elimi‐
nating the unbalanced power exchange.

The proposed method exhibits superior mitigation of AC 
voltage disturbances. Compared with the traditional control 
methods, the proposed method comprehensively uses multi‐
ple controllable resources, addressing problems of single con‐
trol and inter-station coordination while lessening the regula‐
tory burden of each power regulation resource.

APPENDIX A
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TABLE AI
PARAMETERS OF LCC-HVDC AND VSC-HVDC

System

LCC-HVDC

VSC-HVDC

Parameter

Rated power

Rated AC voltage of sending end

Rated AC voltage of receiving end

Transformer ratio of rectifier

Transformer ratio of inverter

Rated DC voltage

Rated DC current

Rectifier var compensator

Capacity of rectifier transformer

Capacity of inverter transformer

Sending end system SCR

X/R ratio of grid impedance at rectifier side

Receiving end system SCR

Leakage reactance

Air core reactance

Knee point voltage

Tie line reactance

Tie line inductance

Rated power

Operation power

Rated voltage of sending end

Rated voltage of receiving end

Transformer ratio of rectifier

Transformer ratio of inverter

Leakage reactance

Air core reactance

Knee point voltage

Total DC bus capacitance

Switching frequency

Rated voltage

Value

1000 MW

345 kV

230 kV

345.0/213.5

230/209.2

500 kV

2 kA

626 Mvar

603.73 MVA

591.8 MVA

2.5

9.92

3

0.18 p.u.

0.20 p.u.

1.25 p.u.

0.03206 Ω/km

0.8984 mH/km

450 MVA

400 MW

345 kV

345 kV

345/200

345/200

0.1 p.u.

0.20 p.u.

1.25 p.u.

5000 μF

1650 Hz

400 kV
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Transmission 
power (p.u.)

1.25

1.20
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Upr (p.u.)

Method A
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2056



ZHANG et al.: COORDINATED FEEDBACK POWER CONTROL METHOD FOR HYBRID MULTI-INFEED HVDC SYSTEM

strength measure for evaluation of power stability and temporary over‐
voltage in hybrid multi-infeed HVDC Systems,” IEEE Transactions 
on Power Delivery, vol. 37, no. 1, pp. 638-649, Feb. 2022.

[22] Y. Zhang and A. M. Gole, “Quantifying the contribution of dynamic 
reactive power compensators on system strength at LCC-HVDC con‐
verter terminals,” IEEE Transactions on Power Delivery, vol. 37, no. 
1, pp. 449-457, Feb. 2022.

[23] Y. Lei, T. Li, Q. Tang et al., “Comparison of UPFC, SVC and STAT‐
COM in improving commutation failure immunity of LCC-HVDC sys‐
tems,” IEEE Access, vol. 8, pp. 135298-135307, Feb. 2020.

[24] G. -S. Lee, D. -H. Kwon, and S. -I. Moon, “DC current and voltage 
droop control method of hybrid HVDC systems for an offshore wind 
farm connection to enhance AC voltage stability,” IEEE Transactions 
on Energy Conversion, vol. 36, no. 1, pp. 468-479, Mar. 2021.

[25] G. -S. Lee, D. -H. Kwon, S. -I. Moon et al., “Reactive power control 
method for the LCC rectifier side of a hybrid HVDC system exploit‐
ing DC voltage adjustment and switched shunt device control,” IEEE 
Transactions on Power Delivery, vol. 35, no. 3, pp. 1575-1587, Jun. 
2020.

[26] Z. Liu and X. Guo, “Control strategy optimization of voltage source 
converter connected to various types of AC systems,” Journal of Mod‐
ern Power Systems Clean Energy, vol. 9, no. 1, pp. 77-84, Jan. 2021.

[27] J. Li, Y. Xia, C. Yan et al., “A reactive power coordination control 
scheme for hybrid multi-infeed HVDC system,” in Proceedings of 
2020 IEEE Sustainable Power and Energy Conference (iSPEC), 
Chengdu, China, Nov. 2020, pp. 922-927.

[28] X. Zeng, T. Liu, S. Wang et al., “Coordinated transient reactive power 
control strategy for transmission system connected by VSC-HVDC 
and LCC-HVDC under commutation failure,” Electric Power Automa‐
tion Equipment, vol. 39, no. 12, pp. 28-35, Dec. 2019.

[29] H. Chen, Z. Wang, Z. Yang et al., “Coordinated reactive power con‐
trol approach for LCC-HVDC and VSC-HVDC in hybrid parallel 
HVDC system,” Power System Technology, vol. 41, no. 6, pp. 1719-
1725, Jun. 2017.

[30] Q. Xie, Z. Zheng, X. Xiao et al., “Enhancing HVRT capability of 
DFIG-based wind farms using cooperative rotor-side SMES consider‐
ing the blocking fault of LCC-HVDC system,” CSEE Journal of Pow‐
er Energy Systems, vol. 7, no. 4, pp. 698-707, Jul. 2021.

[31] C. Yin and F. Li, “Reactive power control strategy for inhibiting tran‐
sient overvoltage caused by commutation failure,” IEEE Transactions 
on Power Systems, vol. 36, no. 5, pp. 4764-4777, Sept. 2021.

[32] Q. Xie, Z. Zheng, Y. Wang et al., “Analysis of transient voltage distur‐
bances in LCC-HVDC sending systems caused by commutation fail‐
ures,” IEEE Transactions on Power Delivery, vol. 37, no. 5, pp. 4370-
4381, Oct. 2022.

[33] R. Liu, J. Yao, X. Wang et al., “Dynamic stability analysis and im‐
proved LVRT schemes of DFIG-based wind turbines during a symmet‐
rical fault in a weak grid,” IEEE Transactions on Power Electronics, 

vol. 35, no. 1, pp. 303-318, Jan. 2020.
[34] X. Deng, S. Wang, Y. Shen et al., “Main circuit parameter design of 

Zhundong-Sichuan ±1100 kV UHVDC power transmission project,” 
Electric Power Automation Equipment, vol. 34, no. 4, pp. 133-140, 
Apr. 2014.

[35] M. O. Faruque, Y. Zhang, and V. Dinavahi, “Detailed modeling of CI‐
GRE HVDC benchmark system using PSCAD/EMTDC and PSB/
SIMULINK,” IEEE Transactions on Power Delivery, vol. 21, no. 1, 
pp. 378-387, Jan. 2006.

[36] X. Wang, X. Li, W. Wei et al., “Coordinated control strategy for inter‐
connected transmission system of VSC-HVDC and LCC-HVDC,” 
Electric Power Automation Equipment, vol. 36, no. 12, pp. 102-108, 
Dec. 2016.

Jiachen Zhang received the B.S. degree in electrical engineering from Chi‐
na University of Petroleum (East China), Qingdao, China, in 2022. He is 
currently pursuing the Master’s degree in electrical engineering with Sich‐
uan University, Chengdu, China. His main research interests include renew‐
able energy and high-voltage direct current (HVDC).

Qi Xie received the B.S. degree in electrical engineering and its automation 
in 2019 from Sichuan University, Chengdu, China, where he is currently 
working toward the Ph.D. degree in electrical engineering. His research in‐
terests include renewable energy and HVDC.

Zixuan Zheng received the B.S. and Ph.D. degrees in electrical engineering 
from Sichuan University, Chengdu, China, in 2012 and 2017, respectively. 
He is currently working as an Associate Professor in the College of Electri‐
cal Engineering, Sichuan University. His research interests include power 
quality, and operation and control of distributed energy resources.

Chunyi Guo received the B.S. and Ph.D. degrees in power system and auto‐
mation from North China Electric Power University (NCEPU), Beijing, Chi‐
na, in 2007 and 2012, respectively. He is currently a Professor at NCEPU. 
His research interests include HVDC and power electronics.

Yi Zou received the B.S. degree in electrical engineering from Sichuan Uni‐
versity, Chengdu, China, in 2022. She is currently pursuing the Master’s de‐
gree in electrical engineering with Sichuan University. Her main research in‐
terests include renewable energy and HVDC.

Jie Ren received the B.S. and Ph.D. degrees in electrical engineering from 
Sichuan University, Chengdu, China, in 2017 and 2022, respectively. She is 
currently a Lecturer with the College of Electrical Engineering, Sichuan Uni‐
versity. Her research interests include renewable energy generation and fault 
ride through of wind turbine generator.

2057


