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ABSTRACT

Voltage source converter based high voltage direct current (VSC-HVDC) can participate in voltage regulation
by flexible control to help maintain the voltage stability of the power grid. In order to quantitatively evaluate its
influence on the voltage interaction between VSC-HVDC and line commutated converter based high voltage direct
current (LCC-HVDC), this paper proposes a hybrid multi-infeed interaction factor (HMIIF) calculation method
considering the voltage regulation control characteristics of VSC-HVDC. Firstly, for a hybrid multi-infeed high
voltage direct current system, an additional equivalent operating admittance matrix is constructed to characterize
HVDC equipment characteristics under small disturbance. Secondly, based on the characteristic curve between the
reactive power and the voltage of a certain VSC-HVDC project, the additional equivalent operating admittance of
VSC-HVDC is derived. The additional equivalent operating admittance matrix calculation method is proposed.
Thirdly, the equivalent bus impedance matrix is obtained by modifying the alternating current (AC) system
admittance matrix with the additional equivalent operating admittance matrix. On this basis, the HMIIF calculation
method based on the equivalent bus impedance ratio is proposed. Finally, the effectiveness of the proposed method
is verified in a hybrid dual-infeed high voltage direct current system constructed in Power Systems Computer Aided
Design (PSCAD), and the influence of voltage regulation control on HMIIF is analyzed.

KEYWORDS
Hybrid multi-infeed high voltage direct current system; hybrid multi-infeed interaction factor; control modes;
equivalent node impedance ratio; voltage interaction characteristics

1 Introduction

The line commutated converter based high voltage direct current (LCC-HVDC) is widely used in
large-capacity and long-distance transmission occasions [1,2]. Multi-infeed high voltage direct current
system (MIDC) is formed by several LCC-HVDC links with close electrical distance and the receiving-
end alternating current (AC) power grid. There is a strong interaction among inverters, which greatly
affects the static and dynamic characteristics of the receiving-end AC power grid [3,4]. Compared
with LCC-HVDC, voltage source converter based high voltage direct current (VSC-HVDC) has a
more flexible control performance and can participate in voltage regulation to help to maintain the
voltage stability of the power grid [5–7]. With the construction of VSC-HVDC projects, the situation
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gradually increases that VSC-HVDC is fed into the original MIDC system, and then a hybrid multi-
infeed high voltage direct current system (HMIDC) is formed. The receiving-end power grid will show
new operating characteristics due to the complex interactions among multiple inverters of different
types [8–10]. The research on the interaction of multiple inverters in MIDC and HMIDC is of great
significance for the planning and operation of the receiving-end power grid.

To evaluate the voltage interaction between the inverters in the MIDC, the CIGRE working
group proposed the index of multi-infeed interaction factor (MIIF) [11]. MIIF is an experimental
index by definition, which needs to be obtained through multiple simulations. For complex large-scale
power grids, it cannot adapt to the changes in the structure and operation mode of the power grid,
and it takes a lot of time for simulation. Due to the deficiencies of the simulation method, the fast
calculation method of MIIF based on the impedance ratio is adopted [12–14]. The method only needs
to form the AC system impedance matrix to calculate MIIF. However, the influence of the control
response characteristics of LCC-HVDC is ignored in the method. Considering the control response
characteristics of LCC-HVDC, the power flow equation is modified by the sensitivity of active and
reactive power delivered from inverters to the bus voltage, and the calculation method of MIIF based
on the Jacobian matrix is proposed [15]. Although the method has a clear physical meaning, it cannot
consider the dynamic impedance characteristics of the power source, load, and other components.
To take the dynamic impedance characteristics of power equipment into account, an improvement
method of the equivalent impedance ratio is proposed, and the influence of the active power delivered
from the inverters on the bus voltage is neglected in the method [16]. Considering the influence of active
and reactive power on inverter bus voltage, the MIIF calculation method under small disturbance is
proposed [17].

In the HMIDC, there are some great research efforts on the interaction of multiple inverters. The
positive contribution of the VSC-HVDC link to the LCC-HVDC link in the area of commutation
failure immunity index, effective short circuit ratio, voltage sensitivity factor, temporary overvoltage,
and DC line fault recovery are investigated [18]. The methods of analyzing and evaluating the
interaction between VSC-HVDC and LCC-HVDC control systems are proposed [19,20]. The MIIF
calculation method of the HMIDC considering DC control response characteristics is proposed [21].
Few studies focus on the MIIF of the HMIDC, though it is valuable for evaluating the voltage and
power stability, the risk of LCC-HVDC commutation failure, and the interaction of harmonics [22–24].
In projects, VSC-HVDC can be equipped with voltage regulation control to enhance voltage stability,
which affects the voltage interaction between the inverters. It is necessary to study the MIIF calculation
method in HMIDC considering the voltage regulation control characteristics of VSC-HVDC. The
following two problems need to be solved:

1) How to calculate MIIF quickly and accurately in the HMIDC system.

2) How to consider the voltage regulation characteristics of VSC-HVDC during the fast calcula-
tion of MIIF.

Facing these issues, the following contributions are made:

1) Referring to the MIIF of the MIDC system, the hybrid multi-infeed interaction factor (HMIIF)
of the HMIDC system is defined to describe the voltage interaction between VSC-HVDC and LCC-
HVDC. The HMIIF calculation method based on the equivalent bus impedance ratio is proposed. The
equivalent bus impedance matrix is obtained by modifying the AC system admittance matrix with the
additional equivalent operating admittance matrix considering the characteristics of HVDC. HMIIF
is calculated based on the equivalent bus impedance ratio.
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2) Based on the voltage regulation control characteristic curve of a certain VSC-HVDC project,
the additional equivalent operating admittance under the control of VSC-HVDC is derived to reflect
the control characteristics. Under the voltage regulation control, the admittance is updated and used
in the HMIIF calculation method based on the equivalent bus impedance ratio.

This paper proposes the HMIIF calculation method considering voltage regulation control char-
acteristics of VSC-HVDC. Based on the power system network equations, the additional equivalent
operating admittance matrix considering the control response characteristics of DC under small
disturbance is established. According to the characteristic curve between the reactive power and the
voltage of a certain VSC-HVDC project, the additional equivalent operating admittances are derived,
and the additional equivalent operating admittance matrix is constructed. The AC system impedance
matrix is modified by the additional equivalent operating admittance matrix, and the equivalent bus
impedance matrix is obtained. The HMIIF is calculated by the equivalent bus impedance ratio. The
simulation model of the hybrid dual-infeed DC system is built in PSCAD/EMTDC to verify that the
calculation method can effectively obtain the index HMIIF.

2 Impedance Modeling of HMIDC

In the MIDC, MIIF can be used to evaluate the voltage interaction between the inverters.
Similarly, to describe the voltage interaction between the inverters in the HMIDC, the hybrid multi-
feed interaction factor (HMIIF) can be introduced. HMIIFji is the ratio of the voltage changes at the
inverter buses j and i in HMIDC when inverter bus i induces an approximate 1% step voltage through
the artificial switched connection of a shunt reactive element.

HMIIFji = ΔUj

ΔUi

= ΔUj

1%Ui

(1)

where �Ui and �Uj are the voltage change rate of the inverter bus i and j, and Ui is the voltage of the
inverter bus i before the voltage step.

Assuming a total of N inverters are connected to the receiving-end power grid, there are k LCC-
HVDC links and N-k VSC-HVDC links. Based on the multi-port Thevenin equivalent method, a
simplified model of the HMIDC can be established, as shown in Fig. 1. In the figure, Ei � ξ i and Zi are
the AC equivalent source voltage and impedance of inverter i, Ki and X Ti are the transformation ratio
and leakage reactance of the transformer connected to inverter i, Ui � θ i and Bci are the equivalent
admittance of bus voltage and reactive power compensation capacitor of inverter i, and Zi,j is the
equivalent coupling impedance between inverter i and j.

According to the power network equation, the bus voltage U j of the inverter j before the voltage
step can be expressed as:

U j =
N∑

m=1

Z jmIm (2)

where Z jm is the mutual impedance between the bus nodes of inverter j and m, and Im is the current
injected into the bus node of the inverter m.

According to the definition of HMIIF, it is assumed that the shunt reactor ZLi is connected to the
bus of inverter i, which induces an approximate 1% step voltage. The equivalent circuit of the system
after the voltage step is shown in Fig. 2.
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Figure 2: Equivalent circuit after voltage step

After the voltage step, the bus voltage U ′
j of inverter j can be written as:

U ′
j =

N∑
m=1

Z jm (Im + ΔIm) + Z jiI fi (3)

where I fi is the current flowing from the grounding point to the bus node of the inverter i through the
reactor ZLi, and � Im is the current variation caused by the voltage step.

The bus voltage U ′
i of inverter i can be expressed as:⎧⎨

⎩U ′
i =

N∑
m=1

Z im (Im + �Im) + Z iiI fi

U ′
i = −ZLiI fi

(4)
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By calculating (4), the current I fi can be obtained as:

I fi = − 1
Z ii + ZLi

N∑
m=1

Z im (Im + ΔIm) (5)

The voltage variation � U j can be further written as:

ΔU j = U ′
j − U j =

N∑
m=1

Z jmΔIm + Z ji

Z ii + ZLi

N∑
m=1

Z im (Im + ΔIm) (6)

If rewriting (6) into the vector, the expression can be given:

ΔU j − Z jiI fi − Z j0 · ΔI = 0 (7)

where Z j0 is the row vector composed of the jth row elements of the AC system impedance matrix Z,
and �I is the column vector of the current variation.

If rewriting (7) into the matrix, the following expression can be given:

ΔU − Z0iIfi − Z · ΔI = 0 (8)

where Z0i is a column vector composed of elements in the ith column of the AC system impedance
matrix Z, and �U is the column vector of the voltage variation.

In the case of small disturbances, it can be considered that the power grid is linear near the steady-
state operating point, and the additional equivalent operating admittance at the bus node of inverter
m is defined as:

YΔm = ΔIm

ΔUm

(9)

The matrix Y� with the additional equivalent operating admittance as the main diagonal elements
can be constructed. Rewriting (9) into the matrix, the expression can be given:

ΔI = YΔ · ΔU (10)

By substituting (10) into (8), the column vector of the voltage variation can be deduced as:

ΔU = (Y − YΔ)
−1 YZ0iI fi = (Y − YΔ)

−1 E0iIfi (11)

where E0i is a column vector composed of elements in the ith column of the unit matrix E.

Assuming Zeq=( Y–Y�)−1, (11) can be rewritten as:

ΔU = Zeq0iI fi (12)

Observing (12), it can be seen that under small disturbance, the voltage variation vector can be
expressed as the product of the ith column vector of the equivalent bus impedance matrix and the
current injected into the bus node of the inverter i by the shunt reactor ZLi.

3 Calculation of Additional Equivalent Operating Admittance

The additional equivalent operating admittance matrix is a diagonal matrix composed of addi-
tional equivalent operating admittance as its elements. The diagonal matrix elements need to be
deduced.
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For any inverter, the apparent power delivered by the inverter is SI = U I I I
∗. Where U I is the

bus voltage of the inverter, and I I is the current flowing from the inverter to the bus. Under small
disturbances, apparent power variation �SI satisfy can be expressed as:

ΔSI = (U I + ΔU I) (I I + ΔI I)
∗ − U II

∗
I (13)

Then, (13) can be written as:

ΔI ∗
I

ΔU∗
I

= ΔSI

(U I + ΔU I) ΔU∗
I

− ΔU ISI

(U I + ΔU I) U IΔU∗
I

(14)

According to the definition of HMIIF, the reactance of the shunt reactive element needs to be
extremely large to show an approximate 1% step voltage in the bus. Before and after the voltage step,
the variation of the phase angle of the bus voltage can be approximately ignored. Therefore, ΔU I =
εU I (0 < ε � 1) can be assumed, and ε is a real number. Furtherly, (14) can be written as:

YΔm = ΔI I

ΔU I

≈ 1
1 + ε

(
ΔS∗

I

UI · ΔUI

− S∗
I

U 2
I

)
≈ ΔS∗

I

UI · ΔUI

− S∗
I

U 2
I

(15)

Under the steady-state operation of the HMIDC, the system operating parameters can be known.
If the functional relationship between the apparent power and the magnitude of bus voltage is
constructed and substituted into (15), the elements of the additional equivalent operating admittance
matrix Y� can be calculated.

3.1 Equivalent Operating Admittance of LCC-HVDC
In the LCC-HVDC link, constant DC current (CC) control is used in the rectifier, while constant

extinction angle (CE) control is used in the inverter. LCC-HVDC link satisfies the following operating
equation:

PI = UdIId (16)

QI = −PI tan ϕI (17)

SI = PI + jQI (18)

UdI = 3
√

2
π

KIUI cos γI − 3
π

XTIId (19)

cos ϕI = cos γI − XTIId√
2KIUI

(20)

where UdI is the DC voltages of the inverter, PI is the active power transmitted by the inverter, QI is the
reactive power delivered by the inverter, K I and X TI are the transformation ratio and leakage reactance
of the transformer connected to the inverter, ϕI and γ I are the power factor angle and extinction angle
of the inverter, respectively, and Id is the DC current.

The functional relationship between the apparent power and the magnitude of the bus voltage
for the LCC-HVDC link can be derived based on (16)–(20), and the additional equivalent operating
admittances can be obtained [17]. Eq. (21) is the calculation equation for the additional equivalent
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operating admittance for the LCC-HVDC link.

YΔm = 3NIXTII 2
d

πU 2
I

(
1 − j

A√
2K2

I U 2
I − A2

)
(21)

The relevant parameters A is followed as:

A = √
2UIKI cos γI − XTIId (22)

The additional equivalent operating admittance of the LCC-HVDC can be calculated based on
the above equations.

3.2 Equivalent Operating Admittance of VSC-HVDC
For the VSC-HVDC link, the rectifier or the inverter needs to adopt CV control to keep the DC

voltage constant while the other can adopt CP control. VSC-HVDC can be equipped with voltage
regulation control to help to maintain the voltage stability of the AC grid in projects. Since the DC
link can only transmit active power, there is no need to consider the voltage regulation control of the
rectifier.

For a certain VSC-HVDC project with voltage regulation control in southern China, the charac-
teristic curve between the reactive power and the bus voltage is shown in Fig. 3. When the bus voltage
of the inverter is in the range of [U low, Uhigh], the inverter adopts constant reactive power (CQ) control.
If the voltage is located in the range of [Umin, U low] or [Uhigh, Umax], the voltage regulation control will
be adopted. Assuming a large disturbance makes the voltage out of [Umin, Umax], the ride-through
control will be started. This paper focuses on the calculation of HMIIF under the small disturbance
and analyzes the CQ control and the voltage regulation control rather than the ride-through control.
In the project, Qmin = −0.2 pu, Qmax = 0.2 pu, Umin = 0.9 pu, Umax = 1.1 pu, U low = 0.95 pu, and Uhigh

= 1.05 pu.
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Figure 3: Characteristic curve between reactive power and bus voltage of a certain VSC-HVDC project

3.2.1 Constant Reactive Power (CQ) Control

In this control mode, the reactive power QI delivered by the inverter is constant Q0. While the
rectifier adopts constant active power (CP) control and active power transmitted is PR, the inverter
adopts constant DC voltage (CV) control and DC voltage is UdI. The steady-state equation of VSC-
HVDC can be expressed as:
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{
PR = UdRId

UdR − UdI = IdRd
(23)

Therefore, the apparent power SI delivered by the inverter can be derived as:

SI = −UdI + √
U 2

dI + 4PRRd

2Rd

UdI + jQI (24)

From Eq. (24), it can be seen that the variation of the apparent power �SI = 0. Substituting the
expressions of SI and �SI into (15), the additional equivalent operating admittance of the VSC-HVDC
under the control mode can be obtained as:

YΔm = UdI − √
U 2

dI + 4PRRd

2RdU 2
I

UdI + j
QI

U 2
I

(25)

While the rectifier adopts CV control, the inverter adopts CP control and the active power
transmitted is PI. Similarly, the additional equivalent operating admittance of the VSC-HVDC under
the control mode can be obtained as:

YΔm = − PI

U 2
I

+ j
QI

U 2
I

(26)

3.2.2 Low Voltage Regulation (LVR) Control

In this control mode, the reactive power QI delivered by the inverter can be expressed by the bus
voltage U I.

QI = −klow (UI − Ulow) + Q0 (27)

where klow is the droop coefficient of the low voltage regulation control, and it can be calculated as:

klow = Qmax − Q0

Ulow − Umin

(28)

While the rectifier adopts CP control and the active power transmitted is PR, the inverter adopts
CV control and the DC voltage is UdI. The apparent power SI delivered by the inverter can be
derived as:

SI = −UdI + √
U 2

dI + 4PRRd

2Rd

UdI + jQI (29)

From Eq. (29), the variation �SI of the apparent power can be deduced as:

ΔSI = −jkUI (30)

Substituting the expressions of SI and �SI into (15), the additional equivalent operating admit-
tance of the VSC-HVDC under the control mode can be obtained as:

YΔm = UdI − √
U 2

dI + 4PRRd

2RdU 2
I

UdI + j
(

QI + klowUI

U 2
I

)
(31)
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While the rectifier adopts CV control and the DC voltage is UdR, the inverter adopts CP control
and the active power is PI. Similarly, the additional equivalent operating admittance of VSC-HVDC
under the control mode can be obtained as:

YΔm = − PI

U 2
I

+ j
(

QI + klowUI

U 2
I

)
(32)

3.2.3 High Voltage Regulation (HVR) Control

In this control mode, the additional equivalent operating admittance of VSC-HVDC can be
deduced referring to the low voltage regulation control.

While the rectifier adopts CP control and the active power is PR, the inverter adopts CV control
and the DC voltage is UdI. The additional equivalent operating admittance is expressed as:

YΔm = UdI − √
U 2

dI + 4PRRd

2RdU 2
I

UdI + j
(

QI + khighUI

U 2
I

)
(33)

While the rectifier adopts CV control, the inverter adopts CP control and the active power is PI.
The additional equivalent operating admittance is expressed as:

YΔm = − PI

U 2
I

+ j
(

QI + khighUI

U 2
I

)
(34)

Observing the additional equivalent operating admittance calculation equations, it can be seen
that the additional equivalent operating admittance can be obtained according to the system operating
parameters. The additional equivalent operating admittance matrix Y� can be formed.

4 Calculation of HMIIF

In the HMIDC system, the equivalent bus impedance matrix Zeq can be obtained by modifying the
original AC system admittance matrix Y with the additional equivalent operating admittance matrix
YΔ. According to the definition of HMIIF and (12), the calculation expression of the HMIIF between
inverter j and i can be obtained as:

HMIIFji = ΔUj

ΔUi

=
∣∣∣∣ZeqjiI 0i

ZeqiiI 0i

∣∣∣∣ =
∣∣∣∣Zeqji

Zeqii

∣∣∣∣ (35)

The complete calculation process of HMIIF is shown in Fig. 4. The proposed calculation method
is an improvement of the method based on impedance ratio. The voltage regulation control characteris-
tics of VSC-HVDC are modeled in additional equivalent operating admittance. The control response
characteristics of LCC-HVDC and VSC-HVDC are shown by the additional equivalent operating
admittance matrix. A more accurate calculation value of HMIIF can be obtained by modifying the
impedance of the original power network. It is helpful to evaluate the voltage interaction between the
inverters in the HMIDC quickly and accurately.
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Figure 4: Complete calculation process

5 Case Studies

In order to verify the effectiveness of the HMIIF calculation method, a hybrid dual-infeed HVDC
system is built in Power Systems Computer Aided Design (PSCAD). The system structure is shown
in Fig. 5. The parameters of CIGRÉ HVDC benchmark system are adopted for LCC-HVDC. The
main circuit parameters of VSC-HVDC are shown in Table 1. The inverters of LCC-HVDC and VSC-
HVDC are named as inverter 1 and inverter 2, respectively, and the control target values are shown in
Table 2. The AC system equivalent impedance parameters are shown in Table 3.

Inverter 1

Inverter 2

XT1

XT2

K1:1

K2:1

U1� �1

U2� �2

Bc1

Z1,2

Z2

Z1

E2� �2

E1� �1

Figure 5: Hybrid dual-infeed system

Table 1: Main circuit parameters of VSC-HVDC link

Parameters Numerical values

Rated active power 750 MW
Rated DC voltage ±160 kV
Rated voltage of the converter bus 230 kV
Transformation ratio of transformer 230/175



EE, 2024, vol.121, no.8 2267

Table 2: Control target values of different control modes

Types of equipment Control mode Target value

LCC-HVDC CC 2 kA
CE 18°

VSC-HVDC CP 750 MW
CV 160 kV
CQ 50 MW

Table 3: AC equivalent impedance parameters

Impedance name Impedance values/Ohms

AC equivalent impedance of LCC 0.7 + j6.3
AC equivalent impedance of VSC 0.9 + j8
Equivalent coupling impedance 1.5 + j15

At 3 s, inverter bus 1 or 2 induces an approximate 1% step voltage through the artificial switched
connection of a shunt reactive element and HMIIF is calculated based on the time domain simulation
method. In addition, the impedance ratio method and the proposed method are used to calculate
HMIIF for comparison.

5.1 Validation of Calculation Method under CQ Control
The AC equivalent source voltage magnitudes of LCC-HVDC and VSC-HVDC are set to 1.05

and 1 pu, respectively. In this case, VSC-HVDC operates in CQ mode. The numerical comparison
of different acquisition methods for HMIIF under CQ control mode is shown in Table 4. Since the
calculation result deviation of different acquisition methods for HMIIF is small, only the simulation
results for calculating HMIIF21 are given in Fig. 6. The predicted bus voltage of VSC-HVDC from
the impedance ratio method and the proposed method is obtained based on calculated HMIIF,
respectively. Similarly, only the simulation results for calculating HMIIF21 are given under the LVR
control and HVR control.

Table 4: Numerical comparison of different acquisition method for HMIIF

Control mode HMIIF12 HMIIF21

VSC-HVDC Simulation Proposed
method

Impedance
ratio
method

Simulation Proposed
method

Impedance
ratio
method

CQ CP-CV 0.326919 0.317080 0.312384 0.354695 0.343282 0.348130
CQ CV-CP 0.325066 0.317092 0.312384 0.350832 0.343139 0.348130

(Continued)
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Table 4 (continued)

Control mode HMIIF12 HMIIF21

VSC-HVDC Simulation Proposed
method

Impedance
ratio
method

Simulation Proposed
method

Impedance
ratio
method

LVR CP-CV 0.328293 0.317347 0.312384 0.283753 0.283225 0.348130
LVR CV-CP 0.329087 0.317348 0.312384 0.282131 0.283121 0.348130
HVR CP-CV 0.329230 0.316959 0.312384 0.259004 0.253429 0.348130
HVR CV-CP 0.329524 0.316959 0.312384 0.256757 0.253400 0.348130

2.9 3.0 3.1 3.2 3.3
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(a) AC voltage (b) reactive power

Figure 6: Simulation results under CQ control

Observing the simulation results in Fig. 6, when the bus of LCC-HVDC induces an approximate
1% step voltage under CQ control, the predicted bus voltage of VSC-HVDC from the impedance ratio
method and the proposed method is almost the same as the time domain simulation method.

It can be seen from Table 4 that when the VSC-HVDC adopts CQ control, the maximum
calculation error of the proposed method is 3.22%, while that of the impedance ratio method is 4.44%.
The proposed method considers the control response characteristics of LCC-HVDC and VSC-HVDC.
Compared with the impedance ratio method, the proposed method can obtain more accurate index
values.

5.2 Validation of Calculation Method under LVR Control
The AC equivalent source voltage magnitudes of LCC and VSC are set to 1.05 and 0.85 pu,

respectively. In this case, VSC operates in LVR control mode and the simulation results are shown in
Fig. 7. Numerical comparison of different acquisition methods for HMIIF under this control mode
is shown in Table 4.
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Figure 7: Simulation results under LVR control

Observing the simulation results in Fig. 7, when the bus of LCC-HVDC induces an approximate
1% step voltage under LVR control, the predicted bus voltage of VSC-HVDC from the proposed
method is closer to the time domain simulation method than the impedance ratio method.

It can be found from Table 4 that the LVR control of VSC-HVDC nearly has no influence on
the HMIIF12. It means that the LVR control of VSC-HVDC cannot change the effect of the voltage
disturbance at the bus of VSC-HVDC on the bus voltage of LCC-HVDC. However, the HMIIF21
under the LVR control is smaller than that under CQ control. Therefore, the LVR control of VSC-
HVDC can weaken the effect of the voltage disturbance at the bus of LCC-HVDC on the bus voltage
of VSC-HVDC.

Additionally, Table 4 shows that the maximum calculation error of the proposed method is 3.56%,
while that of the impedance ratio method is 5.07%. The proposed method considers the LVR control
characteristics of VSC-HVDC. Compared with the impedance ratio method, the calculation error is
smaller.

5.3 Validation of Calculation Method under HVR Control
The AC equivalent source voltage magnitudes of LCC and VSC are set to 1.05 and 1.1 pu,

respectively, and the voltage phase angles are both set to 0. In this case, VSC operates in HVR control
mode and the simulation results are shown in Fig. 8. Numerical comparison of different acquisition
methods for HMIIF under this control mode is shown in Table 4.
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Figure 8: Simulation results under HVR control
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Observing the simulation results in Fig. 8, when the bus of LCC-HVDC induces an approximate
1% step voltage under HVR control, the predicted bus voltage of VSC-HVDC from the proposed
method is closer to the time domain simulation method than the impedance ratio method.

From Table 4, the HVR control of VSC-HVDC cannot change the effect of the voltage distur-
bance at the bus of VSC-HVDC on the bus voltage of LCC-HVDC. However, the HVR control of
VSC-HVDC can weaken the effect of the voltage disturbance at the bus of LCC-HVDC on the bus
voltage of VSC-HVDC. It can be seen the HMIIF21 under the HVR control is smaller than that under
the LVR control. The reason for the phenomenon is that there is a bigger droop coefficient in the HVR
control mode.

Moreover, it can be found in Table 4 that the maximum calculation error of the proposed method
is 3.81%, while that of the impedance ratio method is 5.20%. The proposed method considers voltage
regulation control characteristics of VSC-HVDC. Compared with the impedance ratio method, the
calculation accuracy is higher.

5.4 The Influence of Reactive Power from VSC-HVDC on HMIIF
In the HMIDC system, changing reactive power from VSC-HVDC can alter the DC additional

equivalent operating admittance, thereby affecting the HMIIF index. Adjust the reactive power target
value of VSC-HVDC to obtain the HMIIF as shown in Fig. 9a.
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Figure 9: Influence of reactive power from VSC-HVDC and AC system impedance on HMIIF

Observing Fig. 9a, it can be seen that as the reactive power from VSC-HVDC increases, the
HMIIF12 increases, indicating that the voltage disturbance of VSC-HVDC converter bus has a greater
impact on the voltage of other converter buses, while the HMIIF21 decreases, indicating that the voltage
disturbance of other converter buses has a smaller impact on the voltage of VSC-HVDC converter bus.
Therefore, when voltage disturbances occur at the VSC-HVDC converter bus, the reactive power from
VSC-HVDC should be appropriately reduced. When voltage disturbances occur at other converter
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buses, increasing the reactive power output of VSC-HVDC appropriately can reduce the interaction
between converter bus voltages, which is beneficial for maintaining the voltage stability of other
converter buses.

5.5 The Influence of AC System Equivalent Impedance on HMIIF
For a simplified model of a hybrid multi-infeed AC/DC system, the equivalent impedance of the

AC system includes the equivalent source impedance and the equivalent coupling impedance, whose
values directly determine the node impedance of the AC system, thereby affecting the HMIIF. By
simply changing the AC equivalent impedance Z1 of LCC-HVDC, the AC equivalent impedance Z2

of VSC-HVDC, and the equivalent coupling impedance Z1, 2, the HMIIF index is shown in Fig. 9.

From Figs. 9b and 9c, it can be seen that as the AC equivalent impedance of LCC increases,
HMIIF12 increases, while HMIIF21 remains almost unchanged. As the AC equivalent impedance of
VSC increases, HMIIF21 increases, while HMIIF12 remains almost unchanged. Observing Fig. 9d,
an increase in equivalent coupling impedance can simultaneously reduce HMIIF12 and HMIIF21

weakening the voltage interaction between the converters.

6 Discussion

Based on the above case study, different control modes, reactive power from VSC-HVDC, and
AC system equivalent impedance will affect HMIIF. The main findings are as follows:

1) The voltage regulation control of VSC-HVDC greatly affects the HMIIF21 but nearly has no
influence on the HMIIF12. The voltage regulation control of VSC-HVDC can reduce the HMIIF21. It
means that the voltage regulation control can weaken the effect of the voltage disturbance at the bus
of LCC-HVDC on the bus voltage of VSC-HVDC, which can help to maintain the voltage stability of
the power grid.

2) The increase in the reactive power from VSC-HVDC can decrease the HMIIF21. When voltage
disturbances occur, increasing the reactive power from VSC-HVDC appropriately can reduce the
interaction between converter bus voltages, which is beneficial for maintaining the voltage stability
of other converter buses.

3) The increase in the AC equivalent impedance of LCC-HVDC can increase HMIIF12, and
the increase in the AC equivalent impedance of VSC-HVDC can increase HMIIF21. Decreasing
AC equivalent impedance can reduce the influence on the converter bus voltage from the voltage
disturbances occurring at other converter buses. The increase in equivalent coupling impedance
can simultaneously reduce HMIIF12 and HMIIF21, weakening the voltage interaction between the
converters.

7 Conclusion

In this paper, a hybrid multi-infeed interaction factor calculation method considering voltage
regulation control characteristics of VSC-HVDC is proposed, and a hybrid dual-infeed DC system is
constructed for simulation verification and analysis. The calculation method based on the equivalent
bus impedance ratio can be used to obtain HMIIF. Only relying on the operating parameters and
the AC system admittance matrix, the HMIIF between inverters can be calculated at one time with
fast calculation speed and high accuracy. And the HMIIF under different control modes are greatly
different. It cannot be ignored the influence of the control mode while analyzing the voltage interaction
between inverters. The voltage regulation control of VSC-HVDC can weaken the effect of the voltage



2272 EE, 2024, vol.121, no.8

disturbance at the bus of LCC-HVDC on the bus voltage of VSC-HVDC, which can help to maintain
the voltage stability of the power grid.
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