
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 2, FEBRUARY 2022 1653

Harmonic Stability Assessment of Multiterminal DC
(MTDC) Systems Based on the Hybrid AC/DC

Admittance Model and Determinant-Based GNC
Haitao Zhang , Student Member, IEEE, Xiuli Wang, Senior Member, IEEE,

Mahmoud Mehrabankhomartash , Student Member, IEEE, Maryam Saeedifard , Senior Member, IEEE,
Yongqing Meng, and Xifan Wang, Life Fellow, IEEE

Abstract—Growing concerns with the harmonic oscillation phe-
nomenon of multiterminal DC (MTDC) systems calls for appropri-
ate harmonic stability analysis methods. However, the conventional
ac or dc admittance-based stability assessment methods cannot ef-
fectively protect trade secret and user privacy, distinguish different
system instability root causes, and put forward corresponding in-
stability mitigation methods. To address the aforementioned issues,
this article first establishes a hybrid ac/dc admittance-based stabil-
ity assessment model for a MTDC system. Then, by introducing the
determinant-based General Nyquist Criterion (GNC), the system
stability is assessed and three types of instability root causes, includ-
ing the ac side, the dc side, and the coupling interaction between
the ac and dc sides are identified. Regarding the instability caused
by the ac side, the dominant interlinking converter is directly
identified, in which the instability can be mitigated by reshaping
its q-axis admittance. In contrast, for the instability caused by the
latter two root causes, the most influential interlinking converter
is recognized by an additional sensitivity analysis. The instability
is then mitigated by reshaping the dc-side equivalent admittance
of the most influential interlinking converter. Compared with the
conventional methods, the proposed method offers advantages as
follows: 1) trade secret and user privacy is effectively protected,
2) different system instability root causes can be effectively distin-
guished, and 3) instabilities caused by diverse root causes can be
mitigated by corresponding methods. Finally, the proposed method
is verified by simulations in the MATLAB/Simulink environment.

Index Terms—Determinant-based GNC, harmonic stability,
hybrid ac/dc admittance, impedance-based stability assessment,
MTDC system.
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I. INTRODUCTION

MULTITERMINAL dc (MTDC) systems have become
a key technology in realization of meshed ac/dc grids

[1]–[3] as they offer enormous advantages for interconnection
of asynchronous grids, wind power integration, offshore
platform power supply, and urban power supply. However,
with large-scale integration of interlinking converters, the
issues associated with harmonic instability have gradually
become prominent and noted in several projects worldwide [4],
[5]. To assess the stability of MTDC systems, the two
commonly used methods are the time-domain state-space
analysis method [6], [7] and the frequency-domain impedance
analysis method [8]–[10]. Compared with the former one, the
impedance analysis method regards the analysis target as a
“black-box” and assesses system stability with only the external
measured admittance or impedance [11], [12]. Therefore,
especially in the current power market environment, it can
effectively protect trade secret and user privacy, and has been
utilized in many related technical literature.

Corresponding to two different admittance models, i.e., the ac
and dc impedances, the stability assessment of a MTDC system
is usually conducted either on the ac side [13], [14] or the dc
side [15]–[17]. Although significant work has been done, the
ac and dc admittance-based stability assessment methods both
encounter several problems as follows. First, the components in a
MTDC system cannot be viewed as “black-boxes” anymore. For
example, the dc admittance of an interlinking converter is usually
impacted by the impedance of the connected ac grid [18], [19].
When an interlinking converter is embedded within different ac
grids, the general assumption that the converter is stable when
it operates standalone cannot guarantee that its dc admittance
does not contain any right half-plane (RHP) pole. Therefore,
detailed internal control structure and parameters are needed
to calculate the number of RHP poles of the dc admittance.
Although some estimation methods have been proposed [20],
visual examination of the encirclement of (−1, j0) point is still
challenging [21]. Second, the interactions between the ac and dc
sides of a MTDC system are difficult to investigate and various
instability root causes are not trivial to distinguish. As noted
in [22], the stability assessment results obtained from the ac and
dc sides are identical. Therefore, when either of the ac or dc
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Fig. 1. Circuit diagram of a MTDC system based on the proposed system partitioning method.

admittance is adopted to assess the stability of a MTDC system,
it is challenging to identify whether the instability is caused by
either the interaction between the dc network and the interlinking
converter on the dc side, the interaction between the ac grid
and the interlinking converter on the ac side, or the coupling
interaction between the ac and dc sides.

To address the aforementioned issues, a hybrid ac/dc admit-
tance model is proposed in [23] and the stability of a point-
to-point HVdc system is studied. Pedra et al. [24] applied the
hybrid ac/dc admittance model to the stability assessment of a
MTDC system. However, the method adopted in [24] still cannot
distinguish between different system instability root causes.
Furthermore, since the method cannot identify which component
causes the instability in the system, the instability mitigation
methods corresponding to different instability root causes are
not trivial to put forward. To make up for this gap, this article
first establishes a hybrid ac/dc admittance model-based stability
assessment model. Then, based on the determinant-based gen-
eral Nyquist criterion (GNC) [25]–[27], the stability of a MTDC
system is assessed and the corresponding instability root causes
are classified into three types: the ac side, the dc side, and the
coupling interaction between the ac and dc sides. For the insta-
bility caused by the ac side, the specific interlinking converter
that triggers system instability is directly identified based on the
phase angle variation. However, note that all the interlinking
converters are coupled together through the dc network on the
dc side. To identify the dominant interlinking converter that is
responsible for the dc-side instability, sensitivity analysis on the
dc-side equivalent admittance is conducted. Compared with the
conventional methods, the proposed method has the following
advantages.

1) The internal control structure and corresponding param-
eters of interlinking converters are not needed, thereby
effectively protecting trade secret and user privacy.

2) Different instability root causes, including the ac side, the
dc side, and the interaction between the ac and dc sides
can be effectively distinguished.

3) Regarding the system instability caused by different root
causes, it can be effectively mitigated by corresponding
remedial methods.

The rest of this article is organized as follows. Section II
establishes a hybrid ac/dc admittance-based stability assessment
model and assesses the stability of MTDC systems. Section III
analyzes different root causes of system instability and provides
the corresponding instability mitigation methods. Section IV
provides simulation results and Section V concludes the article.

II. STABILITY ASSESSMENT OF THE MTDC SYSTEM

Fig. 1 shows the circuit diagram of a MTDC system, where
uabci, vabci, iabci, vdci, idci,Li, andRi represent the three-phase
voltages of the ith ac grid, the ac-side phase voltage of the ith
interlinking converter at its point of common coupling (PCC),
the grid current of the ith ac grid, the dc-side PCC voltage of the
ith interlinking converter, the dc current of the ith interlinking
converter, and the equivalent inductance and resistance of the ith
ac grid, respectively. Note that the topology of the dc network
shown in Fig. 1 is not limited to any radial, ring, or mesh network.
Therefore, the proposed method is general and the following
modeling process does not rely on any specific network topology.

To assess the stability of a MTDC system with the hybrid ac/dc
admittance model, from the PCCs on the ac and dc sides of the
interlinking converters, a MTDC system is initially partitioned
into three parts, i.e., the ac grids part, the dc network part, and the
interlinking converters part. The former two parts consist of the
first subsystem while the interlinking converters are regrouped
as the second subsystem, which are marked by purple and green
colors in Fig. 1, respectively. Furthermore, to differentiate scalar
from matrix, they are expressed by italic and bold types, respec-
tively. By defining the d-axis (q-axis) component of uabci, vabci,
and iacbi in the d-q synchronous reference frame as udi(uqi),
vdi(vqi), and idi(iqi), respectively, these two subsystems are
initially modeled as follows.

A. Small-Signal Model of the First Subsystem

With respect to Fig. 1, the small-signal representation of the
ith ac grid is expressed by[

ũdi

ũqi

]
− Zac

gridi

[
ĩdi
ĩqi

]
=

[
ṽdi
ṽqi

]
(1)
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where ũdi(ũqi), ṽdi(ṽqi), and ĩdi(̃iqi) represent the small-signal
values of udi(uqi), vdi(vqi), and idi(iqi), respectively. Zac

gridi

represents the impedance matrix of the ith ac grid and is ex-
pressed by

Zac
gridi =

[
sLi +Ri −ωLi

ωLi sLi +Ri

]
(2)

where ω represents the angular-frequency of the ith ac grid. In
addition, the dc network is described by

⎡
⎢⎢⎢⎣
ṽdc1
ṽdc2

...
ṽdcn

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣
Zdc
net11 Zdc

net12 · · · Zdc
net1n

Zdc
net21 Zdc

net22 · · · Zdc
net2n

...
...

. . .
...

Zdc
netn1 Zdc

netn2 · · · Zdc
netnn

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣
−ĩdc1
−ĩdc2

...
−ĩdcn

⎤
⎥⎥⎥⎦ (3)

where ṽdci, ĩdci, Zdc
netii (i = 1, 2, . . . , n), and Zdc

netij (i, j =
1, 2, . . . , n, i �= j) represent the small-signal value of vdci, the
small-signal value of idci, the self-impedance of the node i, and
the mutual-impedance between the nodes i and j, respectively

On the basis of (1), (2), and (3), the ac grids and the dc network
are collectively modeled and the small-signal model of the first
subsystem is described by

�̃uacdc = Zsub1
�̃iacdc + �̃vacdc (4)

where �̃uacdc, �̃iacdc, �̃vacdc, and Zsub1 are defined in (5), (6), (7),
and (8), respectively. To distinguish the variables belonging to

the ac side from that of the dc side, the variables in �̃uacdc,�̃iacdc,
and �̃vacdc are divided with dashed lines. Correspondingly,Zsub1

is also divided into four matrix blocks. The upper left matrix
block and the lower right one are labeled as Zac

sub1 and Zdc
sub1,

which represent the ac impedance matrix and dc impedance ma-
trix of the first subsystem, respectively. The admittance matrix
of the first subsystem Ysub1, i.e., the inverse matrix of Zsub1

is defined in (9)

�̃uacdc =
[
ũd1 ũq1 ũd2 ũq2 · · · ũdn ũqn 0 0 · · · 0 ]T

(5)

�̃iacdc =
[
ĩd1 ĩq1 ĩd2 ĩq2 · · · ĩdn ĩqn ĩdc1 ĩdc2 · · · ĩdcn

]T
(6)

�̃vacdc =
[
ṽd1 ṽq1 ṽd2 ṽq2 · · · ṽdn ṽqn ṽdc1 ṽdc2 · · · ṽdcn

]T
,

(7)

Zsub1 =

[
Zac

sub1 0
0 Zdc

sub1

]

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Zac
grid1 0 · · · 0 0 0 · · · 0

0 Zac
grid2 · · · 0 0 0 · · · 0

...
...

. . .
...

...
...

. . .
...

0 0 · · · Zac
gridn 0 0 · · · 0

0 0 · · · 0 Zdc
net11 Zdc

net12 · · · Zdc
net1n

0 0 · · · 0 Zdc
net21 Zdc

net22 · · · Zdc
net2n

...
...

. . .
...

...
...

. . .
...

0 0 · · · 0 Zdc
netn1 Zdc

netn2 · · · Zdc
netnn

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(8)

Ysub1 =

[
Yac

sub1 0
0 Ydc

sub1

]

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Yac
grid1 0 · · · 0 0 0 · · · 0

0 Yac
grid2 · · · 0 0 0 · · · 0

...
...

. . .
...

...
...

. . .
...

0 0 · · · Yac
gridn 0 0 · · · 0

0 0 · · · 0 Y dc
net11 Y dc

net12 · · · Y dc
net1n

0 0 · · · 0 Y dc
net21 Y dc

net22 · · · Y dc
net2n

...
...

. . .
...

...
...

. . .
...

0 0 · · · 0 Y dc
netn1 Y dc

netn2 · · · Y dc
netnn

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(9)

B. Small-Signal Model of the Second Subsystem

Based on the hybrid ac/dc admittance model developed
in [23], the ith interlinking converter is described by⎡

⎣ ĩdi
ĩqi
ĩdci

⎤
⎦ =

[
Yac

coni Y
acdc
coni

Ydcac
coni Y dc

coni

]⎡⎣ ṽdi
ṽqi
ṽdci

⎤
⎦ (10)

where Yac
coni, Y

acdc
coni , Ydcac

coni , and Y dc
coni represent the ac ad-

mittance matrix, the coupling admittance matrices between the
ac and dc sides, and the dc admittance of the ith interlinking
converter, respectively. The former three admittance matrices
are defined as follows:

Yac
coni =

[
Y c
ddi Y

c
dqi

Y c
qdi Y

c
qqi

]
(11)

Yacdc
coni =

[
Y c
ddci Y

c
qdci

]T
(12)

Ydcac
coni =

[
Y c
dcdi Y

c
dcqi

]
. (13)

By collective modeling, all the interlinking converters together
with the hybrid ac/dc admittance model and separating the ac-
and dc-side variables, the second subsystem is modeled by

�̃iacdc = Ysub2
�̃vacdc (14)

where Ysub2 represents the hybrid ac/dc admittance matrix of
the second subsystem and is defined by (15) shown at the bottom
of next page. With respect to (15), Ysub2 is divided into four
matrix blocks with dotted lines. The upper left part, the upper
right part, the lower left part, and the lower right parts are denoted
by Yac

sub2, Yacdc
sub2, Ydcac

sub2, and Ydc
sub2, which represent the ac

admittance matrix, the coupling admittance matrices between
the ac and dc sides, and the dc admittance matrix of the second
subsystem, respectively.

C. Stability Assessment of the MTDC System

By substituting for �̃iacdc from (14) into (4), the small-signal
model of the MTDC system is expressed by

�̃vacdc = (I+ Zsub1Ysub2)
-1�̃uacdc (16)

where I represents an identity matrix. Based on (16), the system
minor-loop gain L is defined as

L = Zsub1Ysub2. (17)
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Since the impedances of the ac grids and the dc network consist
of only passive elements such as resistance, inductance, and
capacitance, the impedance matrix of the first subsystem, i.e.,
Zsub1 does not contain any RHP pole. Moreover, with the
general assumption that all the interlinking converters are stable
when they operate standalone, the admittance matrix of the
second subsystem, i.e., Ysub2 does not contain any RHP pole
as well. Therefore, the system minor-loop gain defined by (17)
does not contain any RHP pole. By defining the determinant of
the return-difference matrix, i.e., |F| as

|F| = |I+ L| = |I+ Zsub1Ysub2| (18)

based on the determinant-based GNC [25]–[27], the stability
of the MTDC system can be determined by checking whether
the phase angle of |F| decreases by more than 180◦ when the
frequency increases from 0 to infinity. To be more specific, if
the phase angle decrement of |F| is 0◦ over the entire positive
frequency range, the closed-loop system does not contain any
RHP pole, and therefore the MTDC system is stable. In contrast,
if the phase angle of |F| decreases by n× 180◦, the closed-
loop system containsnRHP poles, and consequently the MTDC
system is unstable.

III. INSTABILITY ROOT CAUSE IDENTIFICATION

AND MITIGATION

With the model formulated in Section II, the stability of a
MTDC system can be assessed by checking whether the phase
angle of |F| decreases more than 180◦ when the frequency in-
creases from 0 to infinity. Therefore, to investigate the instability
root cause of an unstable MTDC system, the component that
causes the phase angle decrement of |F| should be identified.
To achieve this goal, (8), (9), and (15) are substituted into
(18). By the aid of determinant property, the determinant of
return-difference matrix |F| defined in (18) is calculated as (19)
shown at the bottom of this page. The n+ 1 determinants on
the right hand of (19) are labeled as |F1|, |F2|, · · · , |Fn|, and
|Fn+1|, respectively. With respect to (19), the determinants on
the right hand of (19) are classified into two parts. The first part
includes the former n determinants, i.e., |Fi|(i = 1, 2, . . . , n)
while the second part refers to the last determinant, i.e., |Fn+1|.

Notice that the phase angle of |F| equals the sum of the phase
angles of the first and second parts. Assuming that the system
is unstable and the phase angle decrement of |F| is caused by
the first or second part, the root causes of system instability are
illustrated from two perspectives in the following sections.

A. Instability Root Cause Identification and Mitigation of the
AC Side

Prior to analyzing the instability root cause of the ac side, the
physical implications of the determinants of the first part, i.e.,
|Fi|(i = 1, 2, . . . , n) are initially illustrated. Taking |Fi| as an
example, it is rewritten as

|Fi| = |I+ Zac
gridiY

ac
coni|, (i = 1, 2, . . . , n). (20)

Note thatZac
gridi andYac

coni represent the ac impedance matrix of
the ith ac grid and the ac admittance matrix of the ith interlinking
converter, respectively. Therefore, Zac

gridiY
ac
coni is the system

minor-loop gain of the ith interlinking converter on the ac side.
|Fi| is the corresponding determinant of return-difference ma-
trix, which determines the ac-side stability of the ith interlinking
converter.

According to the above analysis, every determinant of the
first part corresponds to the ac-side stability of an interlinking
converter. Hence, the first part represents the ac-side stability of a
MTDC system. For an unstable MTDC system, if the phase angle
decrement of |F| is caused by one or several determinants of the
first part, it is concluded that the system instability is caused
by the ac side of the MTDC system. Furthermore, the specific
interlinking converter that triggers the instability can be further
identified by checking which determinant within the first part,
i.e., |Fi|, (n = 1, 2, . . . , n), causes the phase angle decrement of
|F|. For example, suppose that as the frequency increases from
0 to infinity, only |F2| and |F| have a phase angle reduction
of more than 180◦, while the other determinants have no phase
angle reduction. On the grounds of the aforementioned analysis,
this MTDC system is unstable and the instability is caused by
the ac side of the second interlinking converter.

To mitigate the instability caused by the ac side, the q-
axis admittance of the instability-causing interlinking converter
should be reshaped to be positive or less negative [11], [28].

Ysub2 =

[
Yac

sub2 Yacdc
sub2

Ydcac
sub2 Ydc

sub2

]
=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Yac
con1 0 · · · 0 Yacdc

con1 0 · · · 0
0 Yac

con2 · · · 0 0 Yacdc
con2 · · · 0

...
...

. . .
...

...
...

. . .
...

0 0 · · · Yac
conn 0 0 · · · Yacdc

conn

Ydcac
con1 0 · · · 0 Y dc

con1 0 · · · 0
0 Ydcac

con2 · · · 0 0 Y dc
con2 · · · 0

...
...

. . .
...

...
...

. . .
...

0 0 · · · Ydcac
conn 0 0 · · · Y dc

conn

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(15)

|F| = |I+Zac
grid1Y

ac
con1|︸ ︷︷ ︸

|F1|

|I+Zac
grid2Z

ac
con2|︸ ︷︷ ︸

|F2|

· · · |I+Zac
gridnY

ac
conn|︸ ︷︷ ︸

|Fn|

|I+(Ydc
sub2−Ydcac

sub2(Y
ac
sub1+Yac

sub2)
−1Yacdc

sub2)Z
dc
sub1|︸ ︷︷ ︸

|Fn+1|
(19)
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According to the characteristics of hybrid ac/dc admittance,
when an interlinking converter operates under high power factor,
its q-axis admittance is determined by its q-axis controllers and
phase-locked loop (PLL). Therefore, to mitigate the instability
caused by the ac side, the parameters of the q-axis controllers or
PLL of the instability-causing interlinking converter should be
adjusted.

B. Instability Root Cause Identification and Mitigation
of the DC Side

Similar to the analysis of the first part, if the second
part, i.e., |Fn+1| is considered as a determinant of return-
difference matrix, the corresponding system minor-loop gain
will be (Ydc

sub2 −Ydcac
sub2(Y

ac
sub1 +Yac

sub2)
−1Yacdc

sub2)Z
dc
sub1.

Notice that Ydc
sub2, Ydcac

sub2(Y
ac
sub1 +Yac

sub2)
−1Yacdc

sub2, and
Zdc

sub1 represent the dc admittance matrix of the second sub-
system, the impact term of the ac side of the MTDC system on
the dc admittance matrix of the second subsystem, and the dc
impedance matrix of the first subsystem, respectively. By re-
garding Ydc

sub2−Ydcac
sub2(Y

ac
sub1 +Yac

sub2)
−1Yacdc

sub2 as the dc-
side equivalent admittance matrix of the second subsystem, the
second part, i.e., |Fn+1|, describes the dc-side stability and the
impact of the coupling interaction between the ac and dc sides
on the system stability. Since the instabilities caused by the dc
side and the coupling interaction will be mitigated together after-
ward, the following part does not distinguish between these two
instability root causes. They both are renamed as the instability
caused by the dc side

Assume that a MTDC system is unstable and the phase angle
decrement of |F| is caused by |Fn+1|. Under this condition, the
system instability is caused by the dc side of the MTDC system.
It is noteworthy that all the interlinking converters are coupled
together through the dc network on the dc side. Therefore, the
dc-side stability of a MTDC system is determined by the joint
effect of all interlinking converters rather than any specific one.
The only difference is that their impact varies from one to
another. To mitigate the instability caused by the dc side, the
dominant interlinking converter that has the most influential
impact on the dc-side stability is necessary to recognize first.
To this end, the dc-side equivalent admittance of the second
subsystem, i.e., Ydc

sub2 −Ydcac
sub2(Y

ac
sub1 +Yac

sub2)
−1Yacdc

sub2 is

calculated as (21) shown at the bottom of this page. As shown
in (21), Ydc

sub2 −Ydcac
sub2(Y

ac
sub1 +Yac

sub2)
−1Yacdc

sub2 is a di-
agonal matrix. The ith main diagonal element, i.e., Y dc

coni −
Ydcac

coni (Y
ac
gridi +Yac

coni)
−1Yacdc

coni represents the dc-side equiv-
alent admittance of the ith interlinking converter. Hence, the im-
pact of the ith interlinking converter on the dc-side stability can
be measured by the sensitivity of |Fn+1| to its dc-side equivalent
admittance, i.e., Y dc

coni −Ydcac
coni (Y

ac
gridi +Yac

coni)
−1Yacdc

coni .
To calculate the aforementioned sensitivity, first, the eigen-

values of Fn+1 are denoted as λ1, λ2, . . ., and λn. Then, |Fn+1|
is expressed by

|Fn+1| = λ1λ2 · · · λn. (22)

On the basis of |Fn+1| expressed by (22), the sensitivity of
|Fn+1| with respect to the jth eigenvalue, i.e., λj is calculated
as

∂ |Fn+1|
∂λj

= λ1λ2 · · · λj−1λj+1 · · · λn. (23)

In addition, if the left and right eigenvectors of λj are defined
as rTj and lj, the sensitivity of the jth eigenvalue, i.e., λj with
respect to the dc-side equivalent admittance of the ith interlink-
ing converter, i.e., Y dc

coni −Ydcac
coni (Y

ac
gridi +Yac

coni)
−1Yacdc

coni is
expressed by

∂λj

∂(Y dc
coni −Ydcac

coni (Y
ac
gridi +Yac

coni)
−1Yacdc

coni )

=
1

rTj lj
rTj IiiZ

dc
sub1lj (24)

where Iii represents a special matrix, whose element in the ith
row and column is 1 while all other elements are zero. On
the basis of the sensitivities obtained from (23) and (24), the
sensitivity of |Fn+1| to the dc-side equivalent admittance of
the ith interlinking converter is calculated as (25) shown at the
bottom of this page. The most influential interlinking converter
can be identified as the one owning the greatest sensitivity.

In contrast to the system instability induced by the ac side,
the system instability triggered by the dc side is caused by
the dc-side equivalent admittance of interlinking converters.
According to the characteristics of hybrid ac/dc admittance,
when an interlinking converter operates under high power factor,
its dc-side equivalent admittance is determined by the d-axis

Ydc
sub2 −Ydcac

sub2(Y
ac
sub1 +Yac

sub2)
−1Yacdc

sub2 =⎡
⎢⎢⎢⎢⎢⎢⎢⎣

Y dc
con1

−Ydcac
con1(Y

ac
grid1 +Yac

con1)
−1Yacdc

con1 0 · · · 0

0 Y dc
con2 −Ydcac

con2(Y
ac
grid2 +Yac

con2)
−1Yacdc

con2 · · · 0
...

...
. . .

...
0 0 · · · Y dc

conn

−Ydcac
conn(Y

ac
gridn +Yac

conn)
−1Yacdc

conn

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(21)

∂ |Fn+1|
∂(Y dc

coni −Ydcac
coni (Y

ac
gridi +Yac

coni)
−1Yacdc

coni )
=

n∑
j=1

λ1λ2 · · · λj−1λj+1 · · · λn
1

rTj lj
rTj IiiZ

dc
sub1lj, (i = 1, 2, . . . , n) (25)
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Fig. 2. Circuit diagram and control diagram of the test system. (a) Circuit diagram of the test system. (b) Control diagram of the ith interlinking converter.

Fig. 3. Phase angles of |F|, |F1|, |F2|, |F3|, |F4|, and |F5| with kpq2 =

1.42× 10−5 and kiq2 = 1.42× 10−4.

Fig. 4. Phase angles of |F|, |F1|, |F2|, |F3|, |F4|, and |F5| with kpq2 =

1.38× 10−5 and kiq2 = 1.38× 10−4.

controllers [24]. Therefore, to mitigate the instability caused by
the dc side, the parameters of the d-axis controllers of the most
influential interlinking converter should be tuned to make its
dc-side equivalent admittance be positive or less negative.

It is worth noting that depending on the control mode of
the interlinking converters, the proposed method may need
some modifications to be applicable. To be more specific, when

Fig. 5. Pole distribution map of the closed-loop system prior and subsequent
to the change of kpq2 and kiq2.

the interlinking converters operate under power control (i.e.,
current control) or droop control mode, the proposed method
can be utilized directly without any modification. However, for
the interlinking converters operating under dc voltage control
mode, the definition of the hybrid ac/dc admittance needs a
minor revision, which is clearly elaborated in Section B of the
Appendix.

IV. SIMULATION RESULTS

To verify the proposed method, a typical four terminal MTDC
system shown in Fig. 2(a) is used as a benchmark system. The
interlinking converters are all operating with P − Vdc droop
control mode with their control diagrams shown in Fig. 2(b).
With respect to Fig. 2(b), kdroop, kpp, kip, kpq , kiq , kpid, kiid,
kpiq , and kiiq represent the droop coefficient, the proportional
and integral gains of the active power controller, the proportional
and integral gains of the reactive power controller, the propor-
tional and integral gains of the d-axis current controller, the
proportional and integral gains of the q-axis current controller,
respectively. Tables I and II give the main parameters of the test
system. Based on the determinant-based GNC, the phase angles
within the full positive frequency range, i.e., from 0 Hz to ∞ Hz
should be plotted. Due to the computation burden, however, only
the frequency range between 0.01 and 50 000 Hz is considered
in the following.
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Fig. 6. PLL output frequency waveform of the second interlinking converter and its harmonic spectrum. (a) PLL output frequency waveform of the second
interlinking converter with different parameters of the reactive power controller. (b) Harmonic spectrum of the PLL output frequency waveform.

Fig. 7. q-axis voltage and current waveforms of the second interlinking converter with different parameters of the reactive power controller. (a) q-axis voltage
waveform. (b) q-axis current waveform.

A. Analysis of System Instability Caused by the AC Side

With parameters listed in Tables I and II, Fig. 3 shows the
phase angles of |F|, |F1|, |F2|, |F3|, |F4|, and |F5| within
the full positive frequency range. With respect to Fig. 3, when
the frequency increases from 0 to infinity, the phase angle of
|F| decreases by 360◦. Based on the determinant-based GNC,
the closed-loop system contains two RHP poles and the MTDC
system is unstable. To further identify the root cause of system
instability, the phase angles of |F1|, |F2|, |F3|, |F4|, and |F5| are
checked. As demonstrated in Fig. 3, the phase angle decrement
of |F5| within the entire positive frequency range is 0◦, which
indicates that the system instability is not caused by the dc
side. In contrast, the phase angle of |F2| decreases 360◦ while
the phase angle decrements of |F1|, |F3|, and |F4| are 0◦.

According to the analysis presented in Section III-A, the system
instability is caused by the ac side of the second interlinking
converter.

To mitigate the instability, the q-axis admittance of the second
interlinking converter should be reshaped to be positive or less
negative. To achieve this goal, the proportional and integral
gains of the reactive power controller of the second interlinking
converter are diminished from 1.42× 10−5 and 1.42× 10−4 to
1.38× 10−5 and 1.38× 10−4, respectively. Correspondingly,
the phase angles of |F|, |F1|, |F2|, |F3|, |F4|, and |F5| evolve
from Figs. 3 to 4. As shown in Fig. 4, the phase angles of |F|
and |F2| change from 360◦ to 0◦. In addition, the phase angles
of |F1|, |F3|, |F4|, and |F5| remain unchanged. Therefore,
subsequent to the parameter change, the MTDC system becomes
stable.
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Fig. 8. Phase angles of |F|, |F1|, |F2|, |F3|, |F4|, and |F5| with kpp3 =

0.8× 10−5 and kip3 = 0.8× 10−4.

Fig. 9. The sensitivities of |F5| to the dc-side equivalent admittances of
different interlinking converters.

Fig. 5 shows the pole distribution maps of the closed-loop
system with different parameters. The poles corresponding to
Figs. 3 and 4 are marked by red and blue colors, respectively.
With respect to Fig. 5, prior to any parameter change, the closed-
loop system contains two RHP poles. By comparison, when
the proportional and integral gains of the reactive power con-
troller of the second interlinking converter are diminished from
1.42× 10−5 and 1.42× 10−4 to 1.38× 10−5 and 1.38× 10−4,
all the poles of the closed-loop system are located on the left
half plane. Therefore, subsequent to the parameter change,
the MTDC system becomes stable, which accords with the
system stability assessment results obtained from the proposed
method.

Fig. 6(a) shows the PLL output frequency waveform of the
second interlinking converter. As shown in Fig. 6(a), prior to
the parameter change, the frequency is resonant. Nevertheless,
subsequent to the parameter change, the resonance is rapidly
attenuated and finally, the frequency comes back to its normal

Fig. 10. Phase angles of |F|, |F1|, |F2|, |F3|, |F4|, and |F5| with kpp3 =

0.6× 10−5 and kip3 = 0.6× 10−4.

Fig. 11. The pole distribution map of the closed-loop system prior and subse-
quent to the change of kpp3 and kip3.

value. Corresponding to the oscillation part, Fig. 6(b) shows the
fast Fourier transform (FFT) analysis results. With respect to
Fig. 6(b), prior to the parameter change, the PLL output fre-
quency resonates at around 670 Hz and the harmonic content is
about 24%, which conforms to the waveform shown in Fig. 6(a).
To further verify the aforementioned analysis results obtained
from the proposed method, Fig. 7(a) and (b) demonstrate the
q-axis voltage and current waveforms of the second interlinking
converter, respectively. As demonstrated in Fig. 7(a) and (b),
prior to the parameter change of the reactive power controller,
both the q-axis voltage and current have oscillations. In contrast,
subsequent to the parameter change, those oscillations rapidly
attenuate and finally, both the q-axis voltage and current restore
to their nominal values. This is in agreement with the harmonic
stability analysis results obtained from Figs. 3, 4, and 5.

B. Analysis of System Instability Caused by the DC Side

Instead of the instability caused by the ac side, this section fo-
cuses on the dc-side stability analysis of a MTDC system. While
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Fig. 12. Output active power waveform of the third interlinking converter and its harmonic spectrum. (a) Output active power waveform of the third interlinking
converter with different parameters of the active power controller. (b) Harmonic spectrum of the output active power waveform.

remaining parameters of all other converters stay unchanged, the
proportional and integral gains of the active power controller of
the third interlinking converter are increased from 0.6× 10−5

and 0.6× 10−4 to 0.8× 10−5 and 0.8× 10−4, respectively.
With the new parameters, the stability of the MTDC system
is restudied in Fig. 8, where the phase angles of |F|, |F1|,
|F2|, |F3|, |F4|, and |F5| within the entire positive frequency
range are illustrated. With respect to Fig. 8, when the frequency
increases from 0 to infinity, the phase angle variations of |F1|,
|F2|, |F3|, |F4| are 0◦ while the phase angles of |F5| and
|F| decrease by 360◦. According to the analysis presented in
Sections II-C and III-B, the MTDC system with the new param-
eters is unstable. Moreover, this instability is caused by the dc
side.

To further investigate the key interlinking converter that is
responsible for this system instability, (25) is utilized to calculate
the sensitivity of |F5| with respect to the dc-side equivalent
admittance of every interlinking converter. As the phase angle
of |F| decreases by 180◦ at around 360 Hz and system resonant
frequency is around 360 Hz as well, the sensitivity analysis
of |F5| is conducted in the frequency range between 300 and
400 Hz. Fig. 9 shows the sensitivities of |F5| to the dc-side
equivalent admittances of different interlinking converters. With
respect to Fig. 9, apart from a narrow frequency range between
300 and 315 Hz, the sensitivity of |F5| to the dc-side equivalent
admittance of the third interlinking converter is always larger
than the sensitivities of |F5| to those of the other three inter-
linking converters. Furthermore, in the vicinity of 360 Hz, the
sensitivity of |F5| to the dc-side equivalent admittance of the
third interlinking converter is almost six times to the sensitivi-
ties of |F5| to those of the other three interlinking converters.
Therefore, the dc-side instability is mainly dominated by the
third interlinking converter.

By decreasing the proportional and integral gains of the
active power controller of the third interlinking converter from
0.8× 10−5 and 0.8× 10−4 to 0.6× 10−5 and 0.6× 10−4, the

phase angles of |F|, |F1|, |F2|, |F3|, |F4|, and |F5| are changed
from Figs. 8 to 10. As demonstrated in Fig. 10, the phase angles
of |F1|, |F2|, |F3|, and |F4| remain almost unchanged. How-
ever, the phase angle decrements of |F| and |F5| are changed
from 360◦ to 0◦. Therefore, the system becomes stable with
the new parameters. To validate the stability assessment result
obtained from the proposed method, the pole distribution map
of the closed-loop system is shown in Fig. 11. The poles corre-
sponding to the system prior and subsequent to the parameter
change are marked by the red and blue colors, respectively. As
shown in Fig. 11, prior to the parameter change, the closed-loop
system contains two RHP poles. In contrast, when the propor-
tional and integral gains of the active power controller of the
third interlinking converter are diminished from 0.8× 10−5 and
0.8× 10−4 to 0.6× 10−5 and 0.6× 10−4, those two RHP poles
move to the left half plane, which indicates that the system is
effectively stabilized by this parameter adjustment. Therefore,
the system stability results obtained from two different methods
are identical and are in agreement with the output active power
waveform of the third interlinking converter shown in Fig. 12(a).
As shown in Fig. 12(a), when the bandwidth of the active
power controller of the third interlinking converter decreases
at t = 3˜s, the oscillation of the output active power of the
third interlinking converter gradually attenuates and the system
becomes stable. To further analyze the harmonic characteristic,
Fig. 12(b) provides the FFT analysis result of the oscillation
shown in Fig. 12(a). With respect to Fig. 12(b), prior to the
reduction of controller bandwidth, the resonant frequency of
the output active power is around 360 Hz, which is consistent
with the analysis results deduced from Figs. 8, 11, and 12(a).
In addition, the harmonic content of the output active power is
about 10%, it is in compliance with the oscillatory waveform
shown in Fig. 12(a).

Apart from the output active power waveform, Figs. 13(a),
(b), and 14(a) and (b) demonstrate the dc voltage, dc current,
d-axis voltage, and d-axis current of the third interlinking
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Fig. 13. DC voltage and current waveforms of the third interlinking converter with different parameters of the active power controller. (a) DC voltage waveform.
(b) DC current waveform.

Fig. 14. d-axis voltage and current waveforms of the third interlinking converter with different parameters of the active power controller. (a) d-axis voltage
waveform. (b) d-axis current waveform.

converter with different parameters of the active power con-
troller, respectively. As shown in Figs. 13 and 14, prior to the
parameter change, the four aforementioned variables remain
oscillatory. However, subsequent to the parameter change, the
oscillations are successfully mitigated and correspondingly, the
MTDC system becomes stable again.

V. CONCLUSION

This article focuses on the stability analysis of MTDC sys-
tems. To this end, this article first establishes the stability as-
sessment model for a MTDC system based on the hybrid ac/dc
admittance. Then, the determinant-based GNC is introduced to
assess the system stability and analyze different system insta-
bility root causes including the ac side, the dc side, and the

coupling interaction between the ac and dc sides. Regarding
the instability caused by the ac side, this article utilizes the
phase angle variation of |Fi|(i = 1, 2, . . . , n) to identify the
dominant interlinking converter that triggers system instabil-
ity. In contrast, for the instability caused by the dc side or
the coupling interaction, a sensitivity analysis is conducted to
recognize the most influential interlinking converter that causes
the dc-side instability. Subsequent to the identification of system
instability root causes, this article provides the corresponding in-
stability mitigation methods. To be more specific, the instability
caused by the ac or dc side should be mitigated by reshaping
the q-axis admittance or the dc-side equivalent admittance of
the dominant interlinking converter, respectively. Finally, the
proposed method is verified by the simulation studies in the
MATLAB/Simulink environment.
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APPENDIX

A. Main Parameters of the Test System

TABLE I
MAIN PARAMETERS OF THE INTERLINKING CONVERTERS OF

THE STUDY SYSTEM

TABLE II
MAIN PARAMETERS OF THE STUDY SYSTEM

B. Modification of the Proposed Method When Interlinking
Converters Operate Under DC Voltage Control Mode

When interlinking converters operate under dc voltage control
mode, the general assumption that all the interlinking converters
are stable when they operate standalone, cannot guarantee that
their hybrid ac/dc admittances do not contain any RHP pole.
Consequently, the hybrid ac/dc admittance matrix of the second
subsystem, i.e., Ysub2 may contain RHP poles as well and the
proposed method may become inapplicable. To extend the ap-
plicability of the proposed method to the interlinking converters
operating under dc voltage control mode, the definition of the
hybrid ac/dc admittance model needs a minor revision. To be

more specific, when an interlinking converter operates under dc
voltage control mode, its hybrid ac/dc admittance can be defined
by

⎡
⎣ ĩd
ĩq
ṽdc

⎤
⎦ =

[
Yac

con Zacdc
con

Ydcac
con Zdc

con

]⎡⎣ ṽd
ṽq
ĩdc

⎤
⎦ (26)

where Yac
con, Zacdc

con , Ydcac
con , and Zdc

con represent the ac admit-
tance matrix, the coupling impedance matrix between the ac
and dc sides, the coupling admittance matrix between the ac
and dc sides, and the dc impedance of the interlinking converter,
respectively. The former three matrices are defined as follows:

Yac
con =

[
Y c
dd Y c

dq

Y c
qd Y c

qq

]
(27)

Zacdc
con =

[
Zc
ddc Z

c
qdc

]T
(28)

Ydcac
con =

[
Y c
dcd Y c

dcq

]
. (29)

By comparison with the conventional hybrid ac/dc admittance
defined by (10), the inputs and outputs of the newly defined
hybrid ac/dc admittance are changed from [ṽd ṽq ṽdc]

T and
[̃id ĩq ĩdc]

T to [ṽd ṽq ĩdc]
T and [̃id ĩq ṽdc]

T . It is worth to
note that although the off-diagonal elements of the hybrid ac/dc
admittance defined by (26) are represented byZacdc

con andYdcac
con ,

they are neither impedances nor admittances. Instead, according
to their definitions, they just represent the couplings between the
ac admittance matrix and the dc impedance of the interlinking
converter, i.e., Yac

con and Zdc
con. For consistency with the other

notations, they are still represented by Zacdc
con and Ydcac

con , re-
spectively. On this basis, with the general assumption that the
interlinking converter is stable when it operates standalone, the
newly defined hybrid ac/dc admittance does not contain any
RHP pole and, consequently, the proposed method becomes
applicable again to the interlinking converter operating under
dc voltage control mode.

In order to demonstrate this, a three-terminal dc system
shown in Fig. 15 is introduced. With respect to Fig. 15, the
first interlinking converter operates under dc voltage control
mode while the other two interlinking converters operate under
P/Q control mode. By labeling the variables related to the ith
interlinking converter with subscript “i,” uabci, vabci, iabci, vdci,
and idci represent the three-phase voltages of the ith ac grid,
the ac-side phase voltage of the ith interlinking converter at
its PCC, the grid current of the ith ac grid, the dc-side PCC
voltage of the ith interlinking converter, and the dc current of
the ith interlinking converter, respectively. To assess the stability
of the three-terminal dc system, from the PCCs on the ac and dc
sides of the interlinking converters, the whole system is initially
divided into three parts, i.e., the ac grids, the dc network, and
the interlinking converters. The former two parts constitute the
first subsystem while the interlinking converters are regrouped
as the second subsystem. After defining the d-axis and q-axis
components of uabci, vabci, and iabci in the d-q synchronous
reference frame as udi, uqi, vdi, vqi, idi, and iqi, respectively,
the three-terminal dc system is modeled in the following.
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Fig. 15. Circuit diagram of a three-terminal dc system.

With respect to Fig. 15, the dc network is described by⎡
⎣ ĩdc1ṽdc2
ṽdc3

⎤
⎦ =

⎡
⎣Y

dc
net11 Zdc

net12 Zdc
net13

Y dc
net21 Zdc

net22 Zdc
net23

Y dc
net31 Zdc

net32 Zdc
net33

⎤
⎦
⎡
⎣−ṽdc1
−ĩdc2
−ĩdcn

⎤
⎦ (30)

where ĩdc1, ṽdc2, ṽdc3, ṽdc1, ĩdc2, and ĩdcn represent the small-
signal values of idc1, vdc2, vdc3, vdc1, idc2, and idcn, respectively.
In addition, by mapping the ith ac grid to the synchronous
reference frame, its small-signal representation is expressed by[

ũdi

ũqi

]
− Zac

gridi

[
ĩdi
ĩqi

]
=

[
ṽdi
ṽqi

]
(i = 1, 2, 3) (31)

where ũdi, ũqi, ṽdi, ṽqi, ĩdi, and ĩqi represent the small-signal
values of udi, uqi, vdi, vqi, idi, and iqi, respectively. Zac

gridi

represents the impedance matrix of the ith ac grid. On the basis
of (30) and (31), the first subsystem is modeled by

�̃uacdc = Zsub1
�̃iacdc + �̃vacdc (32)

where �̃uacdc, �̃iacdc, �̃vacdc, and Zsub1 are defined as

�̃uacdc =
[
ũd1 ũq1 ũd2 ũq2 ũd3 ũq3 0 0 0

]T
(33)

�̃iacdc =
[
ĩd1 ĩq1 ĩd2 ĩq2 ĩd3 ĩq3 ṽdc1 ĩdc2 ĩdc3

]T
(34)

�̃vacdc =
[
ṽd1 ṽq1 ṽd2 ṽq2 ṽd3 ṽq3 ĩdc1 ṽdc2 ṽdc3

]T
(35)

Zsub1 =

⎡
⎢⎢⎢⎢⎢⎢⎣

Zac
grid1 0 0 0 0 0

0 Zac
grid2 0 0 0 0

0 0 Zac
grid3 0 0 0

0 0 0 Y dc
net11 Zdc

net12 Zdc
net13

0 0 0 Y dc
net21 Zdc

net22 Zdc
net23

0 0 0 Y dc
net31 Zdc

net32 Zdc
net33

⎤
⎥⎥⎥⎥⎥⎥⎦
.

(36)

According to the newly defined hybrid ac/dc admittance,
the first interlinking converter, i.e., the one operating under dc
voltage control mode is described by⎡

⎣ ĩd1
ĩq1
ṽdc1

⎤
⎦ =

[
Yac

con1 Zacdc
con1

Ydcac
con1 Zdc

con1

]⎡⎣ ṽd1
ṽq1
ĩdc1

⎤
⎦ . (37)

In addition, the second and third interlinking converters, i.e., the
ones operating under power control modes are described by⎡

⎣ ĩdi
ĩqi
ĩdci

⎤
⎦ =

[
Yac

coni Y
acdc
coni

Ydcac
coni Y dc

coni

]⎡⎣ ṽdi
ṽqi
ṽdci

⎤
⎦ (i = 2, 3). (38)

Then, with the variables defined in (37) and (38), the second
subsystem is modeled by

�̃iacdc = Ysub2
�̃vacdc (39)

where Ysub2 is defined by

Ysub2 =

⎡
⎢⎢⎢⎢⎢⎢⎣

Yac
con1 0 0 Zacdc

con1 0 0
0 Yac

con2 0 0 Yacdc
con2 0

0 0 Yac
con3 0 0 Yacdc

con3

Ydcac
con1 0 0 Zdc

con1 0 0
0 Ydcac

con2 0 0 Y dc
con2 0

0 0 Ydcac
con3 0 0 Y dc

con3

⎤
⎥⎥⎥⎥⎥⎥⎦
(40)

By substituting for the current from (39) into (32), the three-
terminal dc system is modeled by

�̃vacdc = (I+ Zsub1Ysub2)
-1�̃uacdc. (41)

Corresponding to (41), the system minor-loop gain can be de-
fined as

L = Zsub1Ysub2 (42)

and the stability can be determined by the determinant of the
return-difference matrix expressed by

|F| = |I + L| = |I + Zsub1Ysub2|. (43)

The following steps including the identification of system in-
stability root cause and the mitigation of system instability are
similar to the process presented in Section III. Therefore, based
on the aforementioned discussion, the method proposed in the
article is still universal for the MTDC systems with interlinking
converters operating under dc voltage control modes.

REFERENCES

[1] N. Chaudhuri, B. Chaudhuri, R. Majumder, and A. Yazdani, Multi-
Terminal Direct-Current Grids: Modeling, Analysis, and Control. Hobo-
ken, NJ, USA: Wiley, 2014.

[2] J. Beerten, S. Cole, and R. Belmans, “Generalized steady-state VSC
MTDC model for sequential AC/DC power flow algorithms,” IEEE Trans.
Power Syst., vol. 27, no. 2, pp. 821–829, May 2012.

[3] W. Lu and B.-T. Ooi, “Optimal acquisition and aggregation of offshore
wind power by multiterminal voltage-source HVDC,” IEEE Trans. Power
Del., vol. 18, no. 1, pp. 201–206, Jan. 2003.

[4] X. Wang and F. Blaabjerg, “Harmonic stability in power electronic based
power systems: Concept, modeling, and analysis,” IEEE Trans. Smart
Grid, vol. 10, no. 3, pp. 2858–2870, May 2019.

[5] J. Sun, G. Wang, X. Du, and H. Wang, “A theory for harmonics created
by resonance in converter-grid systems,” IEEE Trans. Power Electron.,
vol. 34, no. 4, pp. 3025–3029, Apr. 2019.

[6] Z. Li and M. Shahidehpour, “Small-signal modeling and stability analysis
of hybrid AC/DC microgrids,” IEEE Trans. Smart Grid, vol. 10, no. 2,
pp. 2080–2095, Mar. 2019.

[7] P. Kundur, N. J. Balu, and M. G. Lauby, Power System Stability and
Control. New York, NY, USA:McGraw-Hill, 1994.

[8] R. D. Middlebrook, “Input filter considerations in design and application
of switching regulators,” in Proc. IEEE Ind. Appl. Soc. Annu. Meeting,
1976, pp. 94–107.

[9] M. Belkhayat, “Stability criteria for AC power systems with regulated
loads,” Ph.D. dissertation, Purdue Univ. West Lafayette, NI, USA, 1997.

[10] J. Sun, “Impedance-based stability criterion for grid-connected inverters,”
IEEE Trans. Power Electron., vol. 26, no. 11, pp. 3075–3078, Nov. 2011.

[11] B. Wen, D. Boroyevich, R. Burgos, P. Mattavelli, and Z. Shen, “Analysis
of DQ small-signal impedance of grid-tied inverters,” IEEE Trans. Power
Electron., vol. 31, no. 1, pp. 675–687, Jan. 2016.



ZHANG et al.: HARMONIC STABILITY ASSESSMENT OF MULTITERMINAL DC (MTDC) SYSTEMS BASED ON THE HYBRID AC/DC 1665

[12] B. Wen, D. Boroyevich, R. Burgos, P. Mattavelli, and Z. Shen, “Small-
signal stability analysis of Three-phase AC systems in the presence of
constant power loads based on measured d-q frame impedances,” IEEE
Trans. Power Electron., vol. 30, no. 10, pp. 5952–5963, Oct. 2015.

[13] C. Zou et al., “Analysis of resonance between a VSC-HVDC con-
verter and the AC grid,” IEEE Trans. Power Electron., vol. 33, no. 12,
pp. 10157–10168, Dec. 2018.

[14] J. Zhu, J. Hu, L. Lin, Y. Wang, and C. Wei, “High-frequency oscilla-
tion mechanism analysis and suppression method of VSC-HVDC,” IEEE
Trans. Power Electron., vol. 35, no. 9, pp. 8892–8896, Sep. 2020.

[15] J. Sun, “Autonomous local control and stability analysis of multiterminal
DC systems,” IEEE Trans. Emerg. Sel. Topics Power Electron., vol. 3,
no. 4, pp. 1078–1089, Dec. 2015.

[16] W. Wu et al., “A virtual phase-lead impedance stability control strategy
for the maritime VSC-HVDC system,” IEEE Trans. Ind. Inform., vol. 14,
no. 12, pp. 5475–5486, Dec. 2018.

[17] G. Pinares and M. Bongiorno, “Methodology for the analysis of DC-
network resonance-related instabilities in voltage-source converter-based
multi-terminal HVDC systems,” IET Gener., Transmiss. Distrib., vol. 12,
no. 1, pp. 170–177, 2018.

[18] M. Amin, M. Molinas, J. Lyu, and X. Cai, “Impact of power flow direction
on the stability of VSC-HVDC seen from the impedance nyquist plot,”
IEEE Trans. Power Electron., vol. 32, no. 10, pp. 8204–8217, Oct. 2017.

[19] G. Pinares and M. Bongiorno, “Modeling and analysis of VSC-based
HVDC systems for DC network stability studies,” IEEE Trans. Power
Del., vol. 31, no. 2, pp. 848–856, Apr. 2016.

[20] Y. Liao and X. Wang, “Impedance-based stability analysis for intercon-
nected converter systems with open-loop RHP poles,” IEEE Trans. Power
Electron., vol. 35, no. 4, pp. 4388–4397, Apr. 2020.

[21] L. Fan and Z. Miao, “Admittance-based stability analysis: Bode plots,
Nyquist diagrams or eigenvalue analysis?,” IEEE Trans. Power Syst.,
vol. 35, no. 4, pp. 3312–3315, Jul. 2020.

[22] C. Zhang, X. Cai, M. Molinas, and A. Rygg, “On the impedance modeling
and equivalence of AC/DC-side stability analysis of a grid-tied type-IV
wind turbine system,” IEEE Trans. Energy Convers., vol. 34, no. 2,
pp. 1000–1009, Jun. 2019.

[23] H. Zhang, M. Mehrabankhomartash, M. Saeedifard, Y. Zou, Y. Meng, and
X. Wang, “Impedance analysis and stabilization of point-to-point HVDC
systems based on a hybrid AC/DC impedance model,” IEEE Trans. Ind.
Electron., vol. 68, no. 4, pp. 3224–3238, Apr. 2021.

[24] J. Pedra, L. Sainz, and L. Monjo, “Three-port small signal admittance-
based model of VSCs for studies of multi-terminal HVDC hybrid AC/DC
transmission grids,” IEEE Trans. Power Syst., vol. 36, no. 1, pp. 732–743,
Jan. 2021.

[25] W. Cao, Y. Ma, L. Yang, F. Wang, and L. M. Tolbert, “D-Q impedance based
stability analysis and parameter design of Three-phase inverter-based AC
power systems,” IEEE Trans. Ind. Electron., vol. 64, no. 7, pp. 6017–6028,
Jul. 2017.

[26] W. Cao, Y. Ma, and F. Wang, “Sequence-impedance-based harmonic stabil-
ity analysis and controller parameter design of Three-phase inverter-based
multibus AC power systems,” IEEE Trans. Power Electron., vol. 32, no. 10,
pp. 7674–7693, Oct. 2017.

[27] S. Skogestad and I. Postlethwaite, Multivariable Feedback Control: Anal-
ysis and Design. New York, NY, USA:Wiley, 2007.

[28] J. Fang, X. Li, H. Li, and Y. Tang, “Stability improvement for Three-phase
grid-connected converters through impedance reshaping in quadrature-
axis,” IEEE Trans. Power Electron., vol. 33, no. 10, pp. 8365–8375,
Oct. 2018.

Haitao Zhang (Student Member, IEEE) received
the B.S. degree in electrical engineering from the
Zhejiang University, Hangzhou, China, in 2014, and
the Ph.D. degree in electrical engineering from the
Xi’an Jiaotong University, Xi’an, Shaanxi, China, in
2021, respectively.

From 2018 to 2019, he was a Visiting Scholar with
the School of Electrical and Computer Engineering,
Georgia Institute of Technology, Atlanta, GA, USA.
He is currently as Assistant Professor in the School
of Electrical Engineering, Xi’an Jiaotong University,

Xi’an, Shaanxi, China. His research interests include stability analysis of hybrid
ac/dc power system, space vector modulation (SVPWM) for multilevel con-
verter, and control of MMC-based MTDC system.

Xiuli Wang (Senior Member, IEEE) received the
B.S., M.S., and Ph.D. degrees in electrical engineer-
ing from Xi’an Jiaotong University, Xi’an China, in
1982, 1985, and 1997, respectively.

She has been with Xi’an Jiaotong University since
1985, where she is currently a Professor with School
of Electrical Engineering, Her research interests in-
clude the power market, reliability assessment of
power system, and integration of renewable power.

Mahmoud Mehrabankhomartash (Student Mem-
ber, IEEE) received the B.Sc. and M.Sc. degrees in
electrical engineering from Sharif University of Tech-
nology, Tehran, Iran, in 2013 and 2015, respectively.
He is currently working toward the Ph.D. degree with
the School of Electrical and Computer Engineering,
Georgia Institute of Technology, Atlanta, GA, USA.

His research interests include high voltage dc
(HVDC) systems and power electronics.

Maryam Saeedifard (Senior Member, IEEE) re-
ceived the Ph.D. degree in electrical engineering from
the University of Toronto, Toronto, Canada, in 2008.

She is currently as Associate Professor with the
School of Electrical and Computer Engineering,
Georgia Institute of Technology, Atlanta, GA, USA.
Prior joining Georgia Tech, she was an Assistant
Professor with the School of Electrical and Computer
Engineering, Purdue University, West Lafayette, IN,
USA. Her research interests include power electron-
ics and applications of power electronics in power

systems.

Yongqing Meng received the Ph.D. degree in elec-
trical engineering from Xi’an Jiaotong University,
Xi’an, China, in 2007.

He is currently a Lecturer with the School of Elec-
trical Engineering, Xian Jiaotong University. His re-
search interests include renewable energy generation,
HVDC transmission systems, fractional frequency
transmission systems, FACTS, and stability analysis
and control of power system.

Xifan Wang (Life Fellow, IEEE) received the bach-
elor’s degree in electrical engineering from Xi’an
Jiaotong University, Xi’an, China, in 1957.

From 1983 to 1986, he was a Visiting Scientist with
Cornell University, Ithaca, NY, USA. From 1991 to
1994, he was a Visiting Professor with the Kyushu
Institute of Technology, Kitakyushu, Japan. He is
currently a member of the Chinese Academy of Sci-
ence, Beijing, China. He is currently a Director of the
Research Institute of Power Systems, Xi’an Jiaotong
University. His current research interests include the

analysis, operation and planning of power systems, and novel transmission
schemes.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


