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Multi-port Network Modeling and Stability 
Analysis of VSC-MTDC Systems
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Abstract——The voltage source converter based multi-terminal 
high-voltage direct current (VSC-MTDC) system has attracted 
much attention because it can achieve the interconnection be‐
tween AC grids. However, the initial phases and short-circuit ra‐
tios (SCRs) of the interconnected AC grids cause the steady-
state phases (SSPs) of AC ports in the VSC-MTDC system to 
be different. This can lead to issues such as mismatches in mul‐
tiple converter reference frame systems, potentially causing in‐
accuracies in stability analysis when this phenomenon is disre‐
garded. To address the aforementioned issues, a multi-port net‐
work model of the VSC-MTDC system, which considers the 
SSPs of the AC grids and AC ports, is derived by multiplying 
the port models of different subsystems (SSs). The proposed 
multi-port network model can accurately describe the transmis‐
sion characteristics between the input and output ports of the 
system. Additionally, this model facilitates accurate analysis of 
the system stability. Furthermore, it identifies the key factors af‐
fecting the system stability. Ultimately, the accuracy of the pro‐
posed multi-port network model and the analysis of key factors 
are verified by time-domain simulations.

Index Terms——Normalized sensitivity, multi-port network 
model, steady-state phase, small-signal stability, voltage source 
converter based multi-terminal high-voltage direct current 
(VSC-MTDC).

I. INTRODUCTION 

THE voltage source converter based multi-terminal high-
voltage direct current (VSC-MTDC) systems play an es‐

sential role in achieving the interconnection between non-
synchronous AC grids, especially when there are differences 
in the initial phases and short-circuit ratios (SCRs) of these 
grids [1], [2]. However, the interaction between the VSC-
MTDC system and the AC grids may lead to system instabil‐
ity, affecting the safe and stable operation of AC grids [1] -
[3]. Therefore, it is necessary to study the stability of the 
VSC-MTDC system.

The time-domain simulation model can analyze the sys‐
tem stability, but it cannot provide the theoretical support to 
identify key factors that cause instability [4]. The analytical 
model used to analyze stability overcomes this problem. At 
present, the analytical model is divided into two major cate‐
gories: modal models [5], [6] and impedance models [7] -
[10]. The impedance model has been widely used for the 
VSC-MTDC system [7]-[10].

References [9] - [12] establish the simplified impedance 
models of the VSC-MTDC system, which may lead to inac‐
curate stability analysis since it ignores the coupling charac‐
teristics [13]. In [14] - [16], the detailed single-input single-
output (SISO) impedance models of the system are estab‐
lished through the iteration of subsystems (SSs). However, it 
is necessary to determine the right-half-plane (RHP) pole in 
the equivalent models to accurately analyze the system stabil‐
ity [17], [18]. To avoid the potential instability issues arising 
from RHP cancellation, multiple SISO SS models are used 
to analyze and evaluate the RHP pole of the system layer by 
layer [19]. When the system control parameters change, it is 
necessary to re-iterate the calculation to obtain the SISO im‐
pedance model and RHP poles, which is complex for the 
study of large-scale systems [16]. Therefore, the SISO im‐
pedance model based on one port is inefficient for analyzing 
the stability of large-scale systems.

The multiple-input multiple-output (MIMO) impedance 
model based on traditional two-port network has difficulty in 
reflecting the multi-frequency interaction characteristics of 
the AC and DC ports for voltage source converter (VSC) 
[20]. The MIMO impedance models describing the interac‐
tion between the AC and DC ports of VSCs are established 
in the dq frame and αβ frame [21]-[27]. The third-order ad‐
mittance matrix models of the VSC and the VSC-MTDC sys‐
tem in the dq frame are also established [21], [22]. Howev‐
er, these models ignore the coordinate matching between 
multiple VSCs. To address this concern, a hybrid AC/DC ad‐
mittance model for the stability assessment of the multi-ter‐
minal DC transmission system is established in [25], where 
the system stability is assessed and three instability root 
causes are identified. Moreover, [26] develops a frequency-
domain admittance network model considering the overall 
dynamics of hybrid AC/DC systems with modular multilevel 
converters (MMCs) and proposes a novel frequency-domain 
criterion to quantify the oscillatory stability. Furthermore, an 
index called DC interaction factor (DCIF) is proposed, 
which facilitates determining whether to treat a hybrid AC/
DC system separately or simultaneously without loss of accu‐
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racy. However, they ignore the steady-state phases (SSPs) of 
AC ports, which causes inaccurate stability analysis.

To address the above issues, a multi-port network model 
considering the SSPs of AC ports in the VSC-MTDC system 
is formulated by combining the port models of SSs through 
multiplication. The key contributions are listed below.

1) The multi-port network model of VSC-MTDC system 
can be obtained by multiplying the port transmission parame‐
ter matrices of SSs.

2) The proposed multi-port network model considers SSPs 
of AC ports in the VSC-MTDC system, which accurately 
characterizes the transmission characteristics between the in‐
put and output ports of the system.

3) The key factors affecting the system stability are identi‐
fied, thereby providing a theoretical foundation for designing 
stability improvement strategies in the VSC-MTDC system.

The rest of this paper is organized as follows. Section II 
establishes a multi-port network model of a VSC-MTDC sys‐
tem. In Section III, the accuracy of the proposed multi-port 
network model and the system stability analysis are verified 
by case studies. The key factors affecting the stability of the 
VSC-MTDC system are located, and the analysis accuracy is 
verified by MATLAB/Simulink in Section IV. Finally, Sec‐
tion V concludes the research work.

II. MULTI-PORT NETWORK MODEL OF VSC-MTDC SYSTEM 

In this section, the VSC-MTDC system is divided into 
three SSs: VSCs, DC network, and AC grids. The port mod‐
els of the three SSs considering the SSPs of AC ports are es‐
tablished. A generalized two-port network model to charac‐
terize multi-frequency components of the VSC is proposed. 
The multi-port network model, describing the transmission 
characteristics between the input and output ports of the 
VSC-MTDC system, is obtained by multiplying the port 
models of the three SSs. The specific formulation of the 
multi-port model for the VSC-MTDC system is detailed in 
this section.

A. Structure of VSC-MTDC System

The structure of a VSC-MTDC system is shown in Fig. 
1(a). The DC network and the AC grids of the VSC-MTDC 
system can adopt any topological structure. V g

i  and θi are the 
steady-state voltage amplitude and phase of the ith AC grid, 
respectively; V ac

i  and I ac
i  are the steady-state amplitudes of 

the voltage and current for the AC port of the ith VSC, re‐
spectively; θvi and θii are the steady-state phases of the volt‐
age and current for the AC port of the ith VSC, respectively; 
and V dc

i  and I dc
i  are the steady-state voltage and current for 

DC port of the ith VSC, respectively. In the rectifier terminal, 
i = 12m; and in the inverter terminal, i = nn + 1j.

For Fig. 1(a), the SSPs of AC ports of various grid-con‐
nected VSCs may be different because of the various SCRs 
and initial phases of AC grids, which make the dq frames of 
multiple VSCs be different, as shown in Fig. 1(b). This 
leads to the mismatch in the reference frames of system.

Therefore, the zero phase is set as the unified reference 
frame. The phase of any AC grid can be selected as a zero 
phase reference, and in this paper, the phase of the 1st AC 
grid θ1 is selected, as shown in the red dashed line in 

Fig. 1(b). The black solid lines and the blue dashed lines are 
the αβ frames and dq frames of the VSCs ignoring the SSPs.

B. Port Model of VSC

The main circuit of a VSC in the unified αβ frame is 
shown in Fig. 2. The VSC includes an AC port and a DC 
port. With two frequency interactions, the AC port of VSC 
has small-signal voltage and current models with two fre‐
quencies (denoted by s and s - 2jω1) [4]. V αβ

ui ( )s  and 

V αβ
ui ( )s - 2jω1  are the small-signal voltages for the AC prot 

of the ith VSC in the unified αβ frame; I αβui ( )s  and 

I αβui ( )s - 2jω1  are the small-signal currents for the AC prot of 

the ith VSC in the unified αβ frame; V dc
i (s - jω1 ) and I dc

i (s -
jω1 ) are the small-signal DC voltage and current of the ith 

VSC in the united αβ frame, respectively; V mαβ
ui ( )s  is the 

voltage of AC line connected with the ith VSC in the unified 
αβ frame; ω1 = 2πf1 is the fundamental angular frequency; 
and L and R are the inductance and resistance of the AC fil‐
ter, respectively. In this paper, the superscript αβ represents 
the values in the αβ frame; and the subscript u represents the 
values in the unified frame.

When the initial phase of the AC port of VSC is 0, the 
three-phase steady-state voltages for the AC port of the ith 
VSC in the αβ frame can be expressed as (1) and that in the 
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Fig. 1.　Structure of VSC-MTDC system. (a) Structure of VSC-MTDC sys‐
tem. (b) Port network model considering SSPs of AC port.
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dq frame can be obtained by Park transformation.

V ac
i ejω1t¾ ®¾ ¾¾ ¾¾¾¾¾ ¾¾

Park transformation
V ac

i (1)

The steady-state voltage amplitudes of the AC port are the 
same in different coordinate systems. The currents and duty 
cycles of the AC port can be obtained in a similar way.

The phase offset for the AC port of the ith VSC θ'vi caused 
by the grid impedance can be expressed as:

θ'vi = θvi - θ1 (2)

At this time, the Park transformation of the small-signal 
voltage for the AC port of the ith VSC can be expressed as:

ì
í
î

ïï

ïï

V αβ
ui ( )s =V αβ

i ( )s ejθ'vi

V dq
ui ( )s - jω1 =V dq

i ( )s - jω1 ejθ'vi

(3)

V αβ
ui (s)¾ ®¾ ¾¾ ¾¾¾¾¾ ¾¾

Park transformation
V dq

ui (s - jω1 ) (4)

where the superscript dq represents the values in the dq 
frame; and V αβ

i (s) and V dq
i (s - jω1 ) are the small-signal volt‐

ages for the AC port of the ith VSC in the αβ frame and dq 
frame without considering the SSPs of the AC port, respec‐
tively. The above phase conversion relationship of coordi‐
nate system is also applicable to the small-signal models of 
the currents and duty cycles of the AC port.

The steady-state electrical parameters of the DC ports are 
scalars, and there is no deviation in the SSPs.

Based on the structure in Fig. 2, the small-signal voltages 
and currents for the AC port of the ith VSC can be obtained by:
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where Gacf represents the relationship between the input and 
output electrical parameters of AC filter for the VSC; Mθ 
represents the phase offsets of the AC port caused by the 
grid impedances; I mαβ

ui (s) is the current of the AC line con‐
nected with the ith VSC in the unified αβ frame; and * is the 
symbol of conjugate.

The minor voltage perturbation in the AC port of VSC in‐
duces a disturbance in the output phase of the phase-locked 
loop (PLL). At this time, the AC voltages and currents in the 
αβ frame are transformed by Park transformation to obtain 
the AC voltages and currents in the dq frame. Based on the 
control structure of PLL, a small-signal model for the output 
phase of PLL can be obtained [12]. Therefore, the relation‐

ship of the voltages and currents for the AC port of the ith 
VSC between the unified αβ frame and dq frame can be de‐
rived as:
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where Tpll(s) is the closed-loop transfer function of PLL.

Similarly, the relationship of duty cycles D of the ith VSC 
between the unified αβ frame and dq frame can be derived as:
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where Dac
i  is the steady-state duty cycle of the ith VSC.

The AC and DC active power of VSC is conserved when 
the internal loss of VSC is ignored. The relationship of the 
small-signal voltage and current between the AC and DC 
ports of the ith VSC can be described as:
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The block diagram of DC voltage control for VSC is 
shown in Appendix A Fig. A1. If the VSC controls AC cur‐
rent, the relationship between the duty cycle of VSC and its 
voltage and current in the unified dq frame is described as:
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where Gi represents the proportional-integral (PI) control of 
AC current; Gdep represents the decoupling of the current 
control; Gp represents the modulation of the VSC; and Hi(s) 
represents the PI control of current.

The small-signal model for the sampling of VSC is ex‐
pressed as:

Gf =

é

ë

ê

ê

ê

ê

ê

ê
êê
ê

ê

ê

ê

ê

ê ù

û

ú

ú

ú

ú

ú

ú
úú
ú

ú

ú

ú

ú

úGf( )s 0 0 0

0 ( )Gf( )j2ω1 - s
*

0 0

0 0 Gf( )s 0

0 0 0 ( )Gf( )j2ω1 - s
*

  (20)

where Gf(s) = 1/ ( )1 + sTs , and Ts is the sampling period.
When the DC port of VSC is the output port and the AC 

port is the input port, the inverse transmission parameter 
model of the VSC can be derived based on (5)-(20):
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The elements in the inverse transmission parameter matrix 
T L

i  describe the interaction between small-signal current and 
voltage of the AC and DC ports for VSC.

When the VSC controls AC current, T L
i  considering the 

phase offsets caused by the grid impedances can be derived 
as:

T L
i = é

ë
ù
ûG1Gacf +G2( )Gi +Gdep GpG

ui
pllGf +G2G

d
pll Mθ (22)

If the VSC controls the DC voltage, the small-signal mod‐
el for the PI control of DC voltage is described as:
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where Hv(s) represents the PI control of DC voltage.
When the VSC controls the DC voltage, the relationship 

of the current and voltage between the AC and DC ports of 
the VSC considering the phase offsets can be derived as:

T L
i = [G1Gacf +

ù
ûG2( )Gi +Gdep GpG
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d
pll Mθ( )I -G2GvGiGpGf
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(24)

where I is the unit matrix.

C. Conversion of Port Parameter Models

When the DC port of the VSC is the input port and the 
AC port is the output port, the multi-frequency interaction of 
the VSC port can be described by the transmission parame‐
ter model. The transmission parameter model of the VSC is 
obtained by the inverse transmission parameter matrix, 
which is shown as:
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T i = ( )T L
i

-1
(26)

D. Multi-port Models of VSC-MTDC Systems

Compared with the SISO impedance models obtained by 
node impedance iteration in [16] - [18], the proposed multi-
port parameter model is only related to the steady-state val‐
ues and the internal parameters of the SSs, which realizes 
the modularization of system modeling. In the VSC-MTDC 
systems, the power of rectifier-terminal VSCs flows from 
the AC ports to DC ports, while the power of the inverter-
terminal VSCs flows from the DC ports to AC ports.

The inverse transmission parameter model T L
sr describing 

the interaction between the input ports and the output ports 
of the rectifier-terminal VSCs can be obtained as:
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Based on the topology of DC network in Fig. 1, the trans‐
mission parameter model Tdcn can be used to describe the 
characteristics of DC network ports:
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The port transmission parameter model Tsi describing the 
interaction between the input ports and the output ports of 
the inverter-terminal VSCs can be obtained as:
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The rectifier-terminal and inverter-terminal VSCs are con‐
nected by the DC network to form a multi-port network of 
the VSC-MTDC system. Based on (27) - (30), the multi-port 
network model of the VSC-MTDC system can be derived as:
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When the VSCs and DC network are interconnected by 
DC ports, the DC ports of both SSs become built-in ports. It 
is worth noting that (31) still contains the interaction charac‐
teristics between the DC ports and the AC ports of VSCs in 
the VSC-MTDC system.

The relationships between the AC voltages and currents of 
the AC grids can be derived as:
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where Z I
net is the grid impedance that connects inverter-termi‐

nal VSCs; M I
g represents the phase offsets of the AC grids 

connected to the inverter-terminal VSC in the unified frame; 
and θ'i = θi - θ1. Similarly, the grid impedance Z R

net that con‐
nects the rectifier-terminal VSCs and the matrix M R

g  that rep‐
resents the phase offsets of the AC grids connected to the 
rectifier-terminal VSCs in the unified frame can be obtained 
in the same way.

Based on (31) and (32), the transfer function G clo
sys' be‐

tween the small-signal voltages of the AC ports for rectifier-
terminal and inverter-terminal VSCs, considering the port 
phase offsets, can be derived as:
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(35)

where G clo
sys' = ( )M I

g

-1

G I
net M

I
gTsiTdcnT

L
sr M R

g ( )G R
net

-1( )M R
g

-1

.

III. VALIDATIONS AND CASE STUDIES 

To verify the accuracy of the proposed multi-port network 
model, the port closed-loop gain matrix of VSC-MTDC sys‐
tem is used. A VSC-MTDC system is established in MAT‐
LAB/Simulink. The port model of SSs considering the SSPs 
of AC ports is verified, and the effect of the proposed multi-
port network model on the stability analysis of VSC-MTDC 
system is analyzed by two cases.

A. Case Study

The structure of a four-terminal VSC-MTDC system 
shown in Fig. 3 is established in MATLAB/Simulink. The 
parameters are shown in Appendix A Table AI in [13]. The 
rectifier-terminal VSCs control AC currents, and the inverter-
terminal VSCs control DC voltages. The SCRs of AC grids 
are 3, and phase of the 1st AC grid θ1 lags 60° than that of 
other AC grids.

To verify the proposed multi-port network model of the 
VSC-MTDC system, the rows and columns in (35) can be 
exchanged to obtain a port closed-loop gain matrix, which 

can be expressed as:
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In MATLAB/Simulink, small voltage disturbances of the 
AC grids at different frequencies are injected in turn, and 
then the voltage responses of AC input and output ports are 
measured.

Figure 4 shows the Bode diagrams of the elements (in the 
first column) of the port closed-loop gain matrix, where the 
horizontal axis (frequency) adopts logarithmic coordinates. 
The simulation measurements of the port closed-loop gain 
matrix of the VSC-MTDC system are obtained as shown in 
the red dotted lines. The theoretical model considering SSPs 
of AC port is expressed as orange dashed lines, and the theo‐
retical model without considering SSPs of AC port is ex‐
pressed as black solid lines.

It can be observed from Fig. 4(b) - (d) that the theoretical 
models Gclo

sys51, Gclo
sys21, and Gclo

sys61 considering the SSPs of AC 
port are consistent with the simulation measurement, which 
verifies the accuracy of the proposed multi-port network 
model.

B. Stability Analysis Based on Port Network Models

The VSC-MTDC system is stable when connected to ideal 
AC grids, the proposed multi-port network model in (31) 
does not include RHP poles.

The open-loop gain model of the system G open
sys  can be ob‐

tained based on the port closed-loop gain matrix to analyze 
the system stability.

G open
sys = ( )G clo

sys

-1

- I = é
ë
êêêê ù

û
úúúúG RR

1m G RI
mj

G IR
jm G II

nj

(37)

where G RR
1m and G II

nj are the open-loop gain matrices that char‐
acterize the AC ports of the rectifier-terminal and inverter-
terminal VSCs, respectively; and G IR

jm and G RI
mj are the interac‐

tive open-loop gain matrices between the AC ports of rectifi‐
er-terminal and inverter-terminal VSCs, respectively.
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Fig. 3.　Structure of a four-terminal VSC-MTDC system.
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To facilitate the stability analysis of the system and identi‐
fy the key factors, the eigenvalues of the system can be ex‐
pressed as:

|| λ +G open
sys = |

|
|||||

|
|||| λ +G RR

1m
|
|
|||||

|
|||| λ +G II

ni -G IR
im( )I +G RR

1m

-1
G RI

mi (38)

where λ is the vector of eigenvalues.
The eigenvalues λ1 and λ2 are associated with the port 1 

of the 1st VSC, while λ3 and λ4 are associated with the port 2 
of the 2nd VSC. If λ1 or λ2 encircles the point (-10), the 1st 
VSC is the dominant resonant module. Similarly, if λ3 or λ4 
encircles the point (-10), the 2nd VSC is the dominant reso‐
nant module. The same conclusions can be obtained with re‐
spect to the 3rd and 4th VSCs when λ5-λ8 encircle the point 
(-10). The generalized Nyquist analysis based on the port 
closed-loop gain matrix can preliminarily screen out the 
VSC that causes the system instability.

To verify the effect of SSPs of AC port on the stability of 
the VSC-MTDC system, two cases are analyzed.
1)　Case I

In case I, the SCRs of the 1st and 2nd AC grids are 5 and 
2.5, respectively. And the SCRs of the 3rd and 4th AC grids 
are 2.4 and 5, respectively. The initial phases of AC grid 
voltages are the same, and the SSPs of AC ports are differ‐
ent.

As shown by Nyquist diagrams of system eigenvalues in 
case I in Fig. 5, the system stability is analyzed with and 
without considering the SSPs of AC port.

In Fig. 5(a), the eigenvalues λ1-λ8 do not encircle the 
point (-10), while in Fig. 5(b), the eigenvalue λ5 encircles 
the point (-1, 0) and it means that VSC-MTDC system is un‐
stable, which is consistent with the simulation results in Fig. 
6. Hence, the stability analysis results of the proposed multi-
port network model considering the SSPs of AC port are 

more accurate compared with that of the existing port net‐
work models without considering the SSPs of AC port.

2)　Case II
In case II, the SCRs of all AC grids are 2.5. The initial 

phase of the 4th AC grid lags 60° than that of 1st-3rd AC grids.
Figure 7 shows the Nyquist diagrams of system eigenval‐

ues in case II. In Fig. 7(a), the eigenvalues λ1-λ8 do not en‐
circle the point (-10), while in Fig. 7(b), the eigenvalue λ7 
encircles the point (-10) and it means that the system is un‐
stable, which is consistent with the simulation results in Fig. 
8. Therefore, when the initial phases of the AC grids are dif‐
ferent, the proposed multi-port network model is more accu‐
rate in stability analysis than the existing port network models.
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Fig. 6.　Simulation diagram of grid current in case I.
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Based on the analysis of cases I and II, the proposed 
multi-port network model considering SSPs of AC port can 
accurately analyze the stability when the VSC-MTDC sys‐
tem is interconnected with the AC grids that have different 
SCRs and initial phases.

IV. KEY FACTOR RECOGNITION 

To reduce the effect of the SSPs of AC ports on the stabil‐
ity of VSC-MTDC system, the normalized sensitivities be‐
tween system control parameters and eigenvalues are ana‐
lyzed and the key factors affecting the system stability are 
accurately located in this section.

Based on the eigenvalue λk encircling the point (-10) and 
the stability laws of a single grid-connected VSC [28], [29], 
the resonating interfaces that cause the system instability are 
located. The VSC interconnected with the resonant port is 
the dominant resonant module [25]. The control parameters 
that affect the stability of VSC-MTDC system are deter‐
mined based on the law for the stability of a single VSC and 
parameters. The normalized sensitivities of the eigenvalue λk 
to the control parameters are calculated. The key factors af‐
fecting the system stability can be obtained. The most useful 
sensitivity information is the normalized sensitivity of eigen‐
value (which is near or encloses (-10)) magnitude to the 
control parameters. Based on the sensitivity symbol and nor‐
malized sensitivity, the control parameters that have the 
greatest impact on system stability are adjusted, so that the 
system can quickly achieve the safe and stable operation.

The key factors affecting the system stability are obtained 
by comparing the normalized sensitivities of eigenvalue mag‐
nitude. The sensitivity of the eigenvalue to the control pa‐
rameter x is expressed as:

Ŝ λk( )s
x = lim

Dx® 0

λk( )x +Dxf0 - λk( )xf0

( )x +Dx - x
(39)

where f0 is the shearing frequency; and x is the control pa‐
rameter of VSC-MTDC system such as PLL bandwidth.

When the sensitivity is positive, it means that when the 
control parameter x increases, the eigenvalue magnitude in‐
creases, and vice versa.

The normalized sensitivities of the eigenvalue magnitude 
|| λk  to the control parameters are of much greater concern. 

The normalized sensitivity of the eigenvalue magnitude to 
the control parameter x is specifically expressed as:

S || λk( )s
x = Ŝ λk( )s

x

x

|| λk( )s
=Re ( )S λk( )s

x (40)

The larger the normalized sensitivity of eigenvalue magni‐
tude, the greater the effect of control parameter on the eigen‐
value.

Because this section mainly discusses the method of iden‐
tifying the key factors by using the eigenvalues of the sys‐
tem open-loop gain matrix, the system eigenvalues in case I 
are selected as the object. In Fig. 5(b), only the eigenvalue 
λ5 encircling the point (-10) reflects the effect of the invert‐
er-terminal VSCs on system stability and the characteristics 
between the inverter-terminal and the rectifier-terminal VSCs 

on system stability. Because λ1-λ4 do not encircle the point 
(-10), the control parameters of the rectifier-terminal VSCs 
are reasonable. The AC grid and DC network consist of pas‐
sive components, and there is no control loop. Therefore, λ5 
is mainly affected by the AC ports of the inverter-terminal 
VSCs. The system instability is mainly caused by the 3rd or 
4th VSC. Because the control parameters and internal struc‐
tures of the 3rd and 4th VSCs are the same. Only the SCR of 
the AC grid interconnected by the 3rd VSC is smaller than 
that by the 4th VSC. Therefore, it can be concluded that the 
port 3 of the 3rd VSC is the resonance interface based on the 
stability analysis laws, which says a single VSC is more like‐
ly to oscillate when connected to a weak grid [28], [29]. The 
3rd VSC corresponding to the port 3 is the dominant resonant 
module [25]. Based on the effect of control parameters on 
stability of a single VSC [28], [29], the DC voltage control 
parameters, the PLL control parameters, and the sampling fil‐
tering period of the VSC are discussed and analyzed in de‐
tail. The normalized sensitivities of the eigenvalue magni‐
tude to these control parameters are compared at f0 in Ta‐
ble I.

In Table I, kpv and kiv represent the proportional and inte‐
gral coefficients of DC voltage control, respectively; kpp and 
kip represent the proportional and integral coefficients of 
PLL control, respectively; and Ts is the sampling filtering pe‐
riod. According to the result in Table I, the proportional coef‐
ficient of DC voltage control has the greatest impact on the 
eigenvalue magnitude. The sensitivities of the eigenvalue 

|| λ5( f0 )  to kpv, kpp, and Ts are positive. With the increase of 

kpv, kpp, and Ts, the eigenvalue increases. The sensitivities of 

eigenvalue || λ5( f0 )  to kiv and kip are negative. With the de‐

crease of kiv and kip, the eigenvalue increases. Therefore, the 
proportional coefficients of DC voltage control for the 3rd 
VSC can be preferentially increased to ensure the safe and 
stable operation of the system.

To intuitively reflect the effect of control parameters on 
eigenvalue, the frequency curves of eigenvalue λ5 are 
shown in Fig. 9. In the corresponding frequency curve, 

Im [ λ5( )f0 ] = 0 and Re[ λ5( )f0 ] <-1. If the system is stable, 

the frequency curves of all eigenvalues satisfy Im [ λk( f ) ] =
0 and Re[ λk( f ) ] >-1. Therefore, Re[ λ5( f0 ) ] needs to be 

increased to greater than -1 at the frequency f0.
The eigenvalues λ1-λ4 are only related to the control pa‐

TABLE I
NORMALIZED SENSITIVITIES OF EIGENVALUE MAGNITUDE

Control parameter

kpv

kiv

kpp

kip

Ts

S || λk( )s
x

-1.9100

  0.1800

-0.1700

  0.0800

-0.0043

Sensitivity symbol

Positive

Negative

Positive

Negative

Positive
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rameters of the 1st and 2nd VSCs. The control parameter 

transformation of the 3rd VSC does not affect the eigenval‐

ues λ1-λ4. The Nyquist diagrams of eigenvalues λ1-λ4 and λ6-

λ8 are shown in Appendix A Figs. A2 and A3, respectively, 

when the control parameters kpv, kiv, kpp, kip, and Ts are in‐

creased by 1.1 times. It can be observed that as the control 

parameters change, the eigenvalues λ1-λ4 and λ6-λ8 do not en‐
circle the point (-10). Therefore, this paper only focuses on 
the sensitivities of λ5 to the control parameters. To verify the 
above sensitivity analysis results, the frequency curves and 
Nyquist plots of eigenvalue λ5 are shown in Fig. 10 when 
the control parameters kpv, kiv, kpp, kip, and Ts are increased 
by 1.1 times.

In Fig. 10(b), when the proportional coefficient of DC 
voltage control increases to 1.1kpv , the imaginary part of ei‐
genvalue λ5 changes little, and the real part of the eigenval‐
ue λ5 is greater than −1. The eigenvalue λ5 does not encir‐
cle the point (−1,0). The system is stable. This is in agree‐
ment with the simulation waveform of grid current in Fig. 
11(a).

When other parameters are increased by 1.1 times, the re‐
al parts of eigenvalue λ5 change little. The eigenvalue λ5 still 
encircles the point (− 1, 0) and the system is unstable. The 
simulation waveform of grid current is shown in Fig. 11(b) 
when the proportional coefficient of PLL control increases to 
1.1kpp. The simulation waveforms and the frequency curves 
of the eigenvalue λ5 are consistent with the analysis results 
of the normalized sensitivities. Therefore, the dominant con‐
trol parameter that affects the stability can be determined by 
comparing the normalized sensitivities of the eigenvalue 
magnitudes and parameters.

When kpv changes, the frequency curves and Nyquist plots 
of the eigenvalue λ5 are shown in Fig. 12.

When kpv is increased by 1.1 times, the real part of the ei‐
genvalue λ5 increases. When the imaginary part the eigenval‐
ue λ5 is zero, the real part of the eigenvalue λ5 is greater 
than − 1, and the eigenvalue λ5 does not encircle ( − 1, 0), 
which means that the system is stable. When kpv is reduced 
by 0.9 times, the real part of eigenvalue λ5 decreases. The ei‐
genvalue λ5 encircles the point (−1,0) and the system is un‐
stable.

Figure 13 shows the simulation waveform of grid current 
with 0.9kpv. The control parameters can be adjusted accord‐
ing to the positive and negative values of the eigenvalue and 
parameter sensitivity. This analysis conclusion is consistent 
with the simulation results.
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V. CONCLUSION 

This paper proposes a multi-port network model of the 
VSC-MTDC system interconnecting AC grids with different 
SCRs and initial phases. The system stability and the key 
factors are analyzed based on the proposed multi-port net‐
work model. The analysis results are verified by simulation 
in MATLAB/Simulink. The main contributions and conclu‐
sions of this paper are summarized as follows.

1) The multi-port network model of VSC-MTDC system 
can be derived by multiplying the port transmission parame‐
ter matrices of the SSs, thus eliminating the need for itera‐
tion in the impedance model.

2) The port model of SSs considering the SSPs can im‐
prove the accuracy of the system stability analysis when the 
SCRs or the initial phases of the grids are different.

3) The real part of the system eigenvalue is sensitive to 

the proportional coefficient of the DC voltage control. The 
increase of the proportional coefficient reduces the real part 
of the eigenvalue and increases the risk of system instability.

In the future, the proposed multi-port network model will 
be used to study the stability of VSC-MTDC system under 
different network topologies. Additionally, we will discuss 
the MMC system stability and its corresponding key factors.

APPENDIX A 

A. Control Block Diagram 

B. Effect of Control Parameters on Eigenvalues

When the control parameters of inverter are increased by 
1.1 times, the Nyquist analysis diagrams of the eigenvalues 
λ1-λ4 and λ6-λ8 are shown in Fig. A2 and Fig. A3, respec‐
tively.

TABLE AI
PARAMETERS OF VSC-MTDC SYSTEM

Parameter

Rated AC voltage (kV)

Rated AC current (A)

Rated DC voltage (kV)

Rated power (MW)

DC filter capacitance (μF)

VSC1 and VSC2
(current control)

110

1363

250

150

2000

VSC3 and VSC4
(DC voltage control)

110

1363

250

150

2000
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