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ABSTRACT High-voltage direct current (HVDC) technology based on Line Commutated Converter (LCC)
is widely used in modern power systems due to its numerous benefits. However, as a typical power electronic
device, LCC-HVDC has caused significant changes in the dynamic behavior of modern power systems
due to largely replaced conventional power supplies in power systems. The interactions among sending-
terminal and receiving-terminal system become stronger and have caused some stability issues, but the
mechanism behind this has yet to be fully revealed. In order to analyze the interactions among sending-
terminal and receiving-terminal system of LCC-HVDC, a small-signal model of modular HSS modeling
is proposed based on Harmonic State Space (HSS) theory. Comparison of time-domain response with
detailed switching model shows that the proposed can well reflect the dynamic behavior of the detailed
switching model. Based on the model, the influence of controller’s parameters on system stability is analyzed,
as well as the dynamic interactions of LCC-HVDC among sending-terminal and receiving-terminal system
are investigated. Analytical results demonstrate that there exists interactions among sending-terminal and
receiving-terminal system which have an influence on the stability of the system.

INDEX TERMS Line commutated converter, sending-terminal and receiving-terminal system, interactions,
harmonic state space, modular.

I. INTRODUCTION

In recent years, LCC-HVDC has been widely used in High-
voltage direct current transmission project [1], [2], [3], due to
its advantages of large capacity, long-distance transmission,
lower line cost, etc. and plays an important role in power
transmission [4]. With the widespread application of LCC-
HVDC, the strength of AC system is relatively weakened
and interactions between sending-terminal and receiving-
terminal system get stronger [5], [6]. Under the weak net-
works, the problem of interactions among sending-terminal
and receiving-terminal system which means the power
devices interact with each other through sending-terminal and
receiving-terminal system become prominent, and threaten
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the safety and stability of power system. Therefore, the accu-
rate modeling and interactions analysis of the systems have
become the focus of current research.

Some instability phenomena caused by interactions among
sending-terminal and receiving-terminal system have been
reported. On July 5th, 2013, a single-phase transient fault
occurred in AC network of receiving-terminal system in
shanghai of China. The disturbance was transferred to the
sending-terminal system which led to the overvoltage and
waveform distortions at the converter buses and low-voltage
side of the station transformer [7]. The influence of
commutation failure in receiving-terminal system on the
system stability in sending-terminal system is analyzed
in [8]. The modeling of LCC-HVDC and system stability
of grid-connected system is studied in [9], [10], and [11].
In the analysis of system characteristics, the time-domain
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simulation method was applied earlier, but it has some disad-
vantages such as larger computation and difficult explanation
of oscillation mechanism [12]. In order to reduce the compu-
tation of model of LCC-HVDC, the quasi-steady state model
was established by simplifying the original relationship [13],
although the simulation speed was improved, but the switch-
ing dynamics and DC current dynamics were ignored, so it
was mainly used to analyze the influence of LCC-HVDC on
low-frequency oscillation. In order to combine the require-
ments of simulation speed and dynamic analysis, the dynamic
phasor model of LCC-HVDC was established based on
Fourier series expansion and harmonic balance principle [14],
[15], [16]. However, with the increase of the order considered,
the complexity of the dynamic phasor model will increase
sharply due to the nonlinearity of its controller and commu-
tation process. Therefore, it is often used to analyze the sta-
bility of systems of lower order. In addition, in recent years,
the impedance analysis has gradually become an effective
method for small-signal modeling and stability analysis by
its “black box” characteristics. The DC impedance model
of LCC-HVDC is derived from the DC side of rectifier
station and inverter station [17], and the harmonic stability
characteristics of LCC-HVDC under the weak network are
analyzed. However, the perspective of DC impedance model
is only on the DC network, so it is difficult to analyze the
interactions between converter station and AC network or
other power electronic equipment. Recently, in order to solve
the nonlinearity of controller and commutation process of
LCC-HVDC, some scholars put forward a harmonic state
space (HSS) model [18]. However, [18] doesn’t analyze the
factors that impacts the system’s stability and the relationship
between each link is not given.

The HSS theory was originally applied to single-phase
two-level voltage source converter (VSC) system [19], [20],
and then promoted to modular multilevel converter (MMC)
system [21]. However, the HSS theory is rarely applied to
LCC-HVDC. For the modeling of HSS, the most studies
mainly deal with the state space equation of the system
and realize it through programming [22]. As the system
becomes more complex, the method is not conducive to the
understanding and extension of the model. Therefore, this
paper proposes the idea of modular HSS modeling, which
is beneficial to understand the links that affect the stability
of the system and the realization of visual analysis tools.
Based on the above ideas, the linearization is applied to the
nonlinear equations on the steady-state periodic trajectory
of the LCC-HVDC, a small-signal model of modular HSS
corresponding to each link of LCC-HVDC is established, and
the influence of the controller’s parameters on the system
stability is investigated. By means of modal analysis, the
dominant state variables causing the instability modes are
studied, and analytical results demonstrate that there exists
interactions among sending-terminal and receiving-terminal
system which have an influence on the stability of the system.

The rest parts of this paper are organized as follows:
The section II provides the physical topology and control of
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LCC-HVDC system. The section III provides a small-signal
model of modular HSS of LCC-HVDC. Then, the influence
of the controller’s parameters and the interactions between
the sending-terminal and receiving-terminal system on the
system stability are analyzed in section IV. Section V draws
the conclusions.

Il. CONFIGURATION OF THE LCC-HVDC SYSTEM

This section mainly introduces the basic configuration
of LCC-HVDC. Including physical topology and control
scheme of LCC-HVDC.

A. PHYSICAL TOPOLOGY OF LCC-HVDC

FIGURE. 1 depicts the basic structure of two-terminal LCC-
HVDC systems, which consists of five parts: the AC net-
work of sending-terminal system, the rectifier station, the DC
line, the inverter station and the AC network of receiving-
terminal system. The rectifier/inverter station adopt a twelve-
pulse converter, ug, and u., represent the AC system voltage
and AC bus voltage of sending-terminal system, respectively.
Lger and Ly represent the smoothing inductor, ug; and u;
represent the AC system voltage and AC bus voltage of
receiving-terminal system, respectively, k,7 represents the
ratio of the rectifier station’s transformer, k;r represents the
ratio of the inverter station’s transformer.

B. CONTROL SCHEME OF LCC-HVDC
FIGURE. 2 is the control scheme of the sending-terminal
system. The control scheme adopts the DC current control,
and the PLL control provides the reference phase for the
pulse generator, which produces pulse sequence together with
the output of the DC current control. Typical proportional-
integral (PI) regulators are applied in control loops of the
sending-terminal system, S, and o4 represent the reference
value of leading angle and firing angle of rectifier station,
respectively, Opr 1 is output phase of PLL of rectifier station.
FIGURE. 3 is the control scheme of the receiving-terminal
system. The inverter station operates in DC voltage control
whose output is the reference value of firing angle, and
the PLL control provides the reference phase for the pulse
generator, which produces pulse sequence together with the
firing angle order, B; and «;,,4 represent the reference value of
leading angle and firing angle of inverter station, respectively,
OpLri is output phase of PLL of inverter station.

Ill. SMALL-SIGNAL MODELING OF THE LCC-HVDC
SYSTEM

A. REVIEW OF LINEAR TIME PERIOD SYSTEMS THEORY
AND HSS METHOD

The LCC-HVDC system is a nonlinear system due to the non-
linear characteristics of the switching circuit. Under steady-
state operating conditions, the time-domain responses of
both the AC system and the state variables of converter are
characterized by time-periodic characteristics, In essence,
the LCC-HVDC system is a nonlinear time-periodic system
(NLTP). The idea of linear time-periodic (LTP) theory is
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to linearize the nonlinear time periodic system at steady-
state periodic trajectory rather than at an equilibrium point.
The premise of system stability analysis is the modeling of
LCC-HVDC system, some simplified models didn’t consider
the nonlinearity and periodic time-varying characteristics,
which may lead to intrinsic errors in the analysis results.
FIGURE 4 shows the idea for modeling nonlinear time-
periodic system, the modular modeling proposed in this paper
is to solve the nonlinearity and periodic time-varying chal-
lenge of controller and commutation process of LCC-HVDC,
and to analyze dynamic interactions of LCC-HVDC among
sending-terminal and receiving-terminal system on system
stability.

For the linear time-periodic system, the equation of state
can be expressed as:

i) =A@Ox @) +B@) u)

ey
yO) =C@Hx @) +D@)u()
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and w is the fundamental angular frequency.
Similarly, the input signal can also be expressed in the form
of complex exponential modulation

o0 o0
u([) — eSl‘ Z Uke]kw't — Z Uke(jkars)t (3)
—0Q

—00

where Uy, is the Fourier coefficient, k is the harmonics order.

Although A(?), B(t), C(t) and D(¢) are functions of time t,
there is no transient process. Taking matrix A as an example,
it can be expressed as:

Aty =) At )

The state variables, input variables and matrix of the above
formula expressed in the form of Fourier series are substituted
into the equation of state of the system, which can be derived
as

oo
Z (]'kw_ +S)Xkevkw+8‘)t

k=—o00
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o0
— Z Akmeme(/kw-’_S)t

k,m=—00

o0
+ Z Bk_mUme(jkw'+S)f (5)

k,m=—00

According to the harmonic balance principle, the compo-
nents of the left and right sides of the above equation are
taken at the same frequency, and the equation of state of the
k harmonic can be obtained

oo oo
ko +)Xe = ) Ac-mXut Y BemUn  (6)
m=—o00 m=—o00

k is used to represent the rows of the matrix, and m is used
to represent the columns of the matrix. The harmonics of state
variables and input variables are written into the matrix form
according to the columns, and finally the harmonic state space
(HSS) model can be obtained

sX=TA-NX+I'BU @)
where X = [X_t,....X_1,X0.X1,....X)', U =
[U_k,...U_1,Upy, Uy, ..., U_k], the elements in the col-

umn matrix are the Fourier coefficients of the variables, N =
diagl—jkw, ...—jw, 0, jo, . ..jkw],T'(A)is the Toeplitz form
of the A(¢) matrix, mapping the Fourier coefficient to an
infinite matrix block, which can be expressed as

... Ay A4 A, ...
ra=|... A Ag A ... ®)

The Toeplitz transform is introduced to simplify the alge-
braic operation of the sum and product of the Fourier series
of functions and is also suitable for converting time-periodic
ordinary differential equations or algebraic equations to
invariant infinite-dimensional algebraic equations.

It is worth noting that the HSS model is in the fre-
quency domain, and the conversion relationship with the
time-domain can be expressed as:

x(t) = P(OX 9)

where P(r) = [e ke . .e7I® 0, el ... elk].

B. CONVERTER MODELING

The converter is an important component of LCC-HVDC.
In this paper, taking the inverter station as an example, twelve-
pulse converter is adopted considering the commutation pro-
cess, the ratio of the transformer is considered of the model
while the leakage inductance of transformer is ignored. The
AC-DC relationship based on the switching function can be
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expressed as

Ugei = (Sivallcia + SivbUcip + Sivcucic)/kiT
lia = Siialdci/ kit
iip = Siipidei/ kit
lic = Siiciaci/kit

(10)

Sivas Sivp and s;y,c are voltage switching functions of phase
a, b and c of inverter station respectively, sjiq4, Siip and s;; are
current switching functions of phase a, b and ¢ of rectifier
station respectively, ug; and iz represent the DC voltage
and current of inverter station respectively, tciq, Ucip and ueic
represent the AC bus voltage of phase a, b and c of inverter
station respectively, ij4, i and i;. represent the output AC
current of phase a, b and c of inverter station respectively, the
subscripts r and i represent the signals in rectifier side and
inverter side, k;7 represents the ratio of the inverter station’s
transformer.

Taking the current switch function of valve 1 as an
example:

O —a)/u
0 € la+2km, a+ u—+2kr]
1

0€la+pu+2kn,a+2m/3+2kn]

=0 —a—-n)/n

0 €la+2m/3+2km, o+ 2m/3 4+ 2km + u]
0
Oela+2rn/3+2kn+p,a+2k+1)r]

Si1 =

(11

where 0 is the phase of voltage, « is the firing angle, u is the
commuting angle, n represents 27 /3.

The AC-DC relationship is linearized on steady-state
periodic trajectory of the original nonlinear time-periodic
differential-algebraic equation:

Autgei = (Ucia0 ASiva + Siva0 AlUcia + Ucib0 ASivh
+ Sivb0 Alcip + UcicO ASive + Sive0 Alteic)/kiT

Aiig = (idcioAsria + Sria0 Aldci) (12)

Alip = (idcio Asyib + Sribo Aldei) / kit

Aljc = (ideio ASric + Srico Aldci)/ kit
where A stands the disturbance around the steady-state peri-
odic trajectory, and the subscript “0” means the steady-state
periodic trajectory of the signal.

Using the HSS method described in the previous section,
the small signal model of HSS can be obtained:

Augei =T (teiao) ASiva+T (Siva0) Atteia+T" (Ucipo) ASivp
+ T (sivp0) Atteip+T (teico) ASive+T (Sive0) Altcic)/kir
Aiig = (I (ideio) ASiia + T (8iia0) Aiaei)/ kit
Aiip = (T (ideio) Asiip + T (8iib0) Alaci)/kir
Aije = (T (igcio) ASiic + T (siic0) Alaci)/kir
(13)
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C. PHASE-LOCKED LOOP MODELING

The goal of phase-locked loop synchronization technology
is to make its output track the phase of the three-phase AC
voltage on the grid side, and provide the phase for park trans-
formation and pulse generator. When the system is disturbed,
the phase of the power grid will have a certain dynamic, and
the output phase of the phase-locked loop will also have a
certain dynamic, which will affect the actual firing angle.
Therefore, the output dynamics of the phase-locked loop must
be considered in the HSS model of LCC HVDC, the basic
structure of the phase-locked loop is given in FIGURE 3.

The original relationship can be expressed as:

Uiy T
=T [”cia Ucib  Ucic ] >
uilg

Uid —p Ujy
wg | 0| wip (14)

A,y
Plli
dt
dxipil
d_f = kiputtiq, Wi = Xipit + Kipplittig

where T is the Clark transformation, Py stands the Park
transformation.

Applying linearization on the steady-state periodic trajec-
tory of phase-locked loop:

R I EREV-RS V-
[Auiﬁ} "3 [0 V3/2 —\/5/2} Attgip
Ucic
Auig | | uigo cosOpo  sinbipio
Auyg B —ujgo  —sinBpyo  cosbipno
Abipin
X | Aujy
Auig
dAbipn _ Aw:
dt
dAd);lpll = ki Atig,  Aw;j = Axipir + kippi Atig

15)

Using the HSS method described in the previous section,
the small signal model of HSS can be obtained:

Au,’a
Auig

) 1 ?/_1/2 —f//_z Auciq
== 3 3 Aucip (16)
S T |

[
_ [ T (uig0)

I (—uiq0)

r (COS Qipyo)

r (sin Qipllo) ]
r (— sin 9,’,,110)

r (cos 9ip110)
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Al
X | Atjg (I7)
Auig
(s +N)Abjpy
= Aw,-
(s +N) Axipy
= kiipi Altig
Aw = Axipy + kippi Aujy (18)

where I represents the identity matrix with order 2k+-1, and
Z represents the zero matrix with order 2k+1.

D. DC VOLTAGE CONTROL MODELING

DC voltage control is applied to the inverter station controller,
including sampling link and DC voltage PI link. The original
relationship can be expressed as:

1
Uidif = TTisudci 1)

Biord = kip + f (Midif - uidref)

where T; represents the time constant, and u;q..r Tepresents
the reference value of DC voltage.

Linearizing the above formula on the steady-state periodic
trajectory

d Aujgyf 1
—— = — (Augei — Autigys
dr T, ( Udci uldrf)
dAxge (20)

e kii (Attigrer — Attiary)
ABiora = Axge + kip (Auidref - Auidrf)

Appling the HSS method described in the previous section,
the small signal model of HSS can be obtained:
1
(s +N) Autigrp = (Augei — Attigrf)
1

(s + N) Axge = kii (Attiagrer — Attiayy)
ABiora = Axac + kip (Altigrer — Attiarf)

21

E. DC LINE MODELING
The structure diagram of DC line is shown in FIGURE 1, and
the relationship between DC voltage and DC current can be
obtained:

didcr

Uder = Raerlider + der? + Ugc

du
de = lder — ldci (22)

dt

. didci
Ude = Rycilaci + dei? + Udci

Cdc

where ug., and iy, represent the DC voltage and current of
rectifier station respectively, ug. and ig. represent the DC
voltage and current of DC capacitor respectively.
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By linearizing the above formula, a linearized model of DC
line can be obtained:

dAiger .

Lecr dr = Auger — Raer Diger — Auge
d Auge . .

Cac dr = Aiger — Nigei (23)
d Aidu .

Lgci dr = Auge — RyciDligei — Autgei

The HSS small signal model of DC line can be obtained:

(s+N) Aigey =

(Aua'cr — Rycr Aidcr - Aua’c)
Licr

(s+N) Aug,

(Aidcr - Aidci)

Cac

(s +N) Aiger =

(Audc - RdciAidci - Auzzlci)
dci
(24)

F. AC NETWORK MODELING
The AC network of LCC-HVDC uses the CIGRE HVDC
Benchmark[23].

FIGURE 5. The structure of AC network.

The original relationship of ac network can be expressed
as:

d .
77 eir = Kinnucix + Kirsucsix + Kijqueqix + Kijsizix
+ Kir6izix + Kir7i1ix + KissSiiclaci/kir - (25)
d
i = Kincin: 26
dr Uc2ix i2502ix (26)
d .
5y Vesin = Kiziteix + Kizsucsix + Ki3sioix 27)
d .
oy tetin = Kidlieix + Kigqticqix + Kigsizix (28)
d . .
7y 2ix = Kisittcix + Kisaucoix + Kiszuceszix + Kissizix
(29)
d .
30 = Kisiteix + KisqUcqix (30)
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d . .
7y st = Kiziucix + Kiz7istix + Kizsusic + Kizois2ix

(31)
d . .
oy i = Kis7isiix + Kisoisix (32)
where K;;; ~ Kjg9 are invariants and will be given in
TABLE 1. Linearizing the above formula on the steady-state
periodic trajectory and using the HSS method described in
the previous section, the HSS model of the AC network can
be obtained:

(s +N) Auciy = KijjAuciy + Kij3Aucsiy + KijgAucyiy
+ Ki15Aiix + Kij6 Aizix + Ki17Aiix
+ K18 (acio Asiix + SiixoAigei) /kir

(33)
(s +N) Aucziv = KipsAipix (34)
(s +N) Aucziv = K31 Auciy + Kizz Aucsix + Kizs Aigix
(35)
(s +N) Aucgix = Kigg Augix + Kigg Attcgix + Kigs Ai3ix
(36)
(s + N) Abzix = Kisj Aucixy + Kiso Aucoix + Kisz Aucsix
+ K55 Al (37)
(s + N) Aizix = Kig Auciy + Kiga Attcqix (38)
(s +N) Aispic = Ki7j Auciy + Ki77 Aipix + Ki7s Autgiy
+ K79 Aisiy (39
(s +N) Aigzix = Kis7Algpix + KiggAls2ix (40)

The HSS model of rectifier station can be also be obtained,
which is similar to inverter station, it will not be expanded in
detail.

G. TIME DOMAIN VALIDATION

This part verifies the accuracy of the modular HSS model
of LCC-HVDC. According to the input-output relationship,
the small-signal model of modular HSS of LCC-HVDC be
obtained, and its structure is shown in FIGURE 6. In MAT-
LAB/Simulink, the modular HSS model of LCC-HVDC
was built, and the detailed switching model was built in
PSCAD/EMTDC, the main parameters of LCC-HVDC are
based on the CIGRE HVDC Benchmark. The simulation
results of the modular HSS model are compared with the
time-domain results of the detailed switching model to verify
the accuracy. According to the harmonic state space the-
ory, the HSS model has the characteristics of infinite order,
in order to guarantee a good accuracy of the results, and
at the same time, to keep low the computational complex-
ity, we introduce a truncation order M which refers to the
number of harmonics taken into account, a truncation order
M=13 has been chosen because of the characteristics of the
LCC-HVDC.

Initially, the system of rectifier station operates at
igref = 1.0 pu, a small disturbance is applied to iz.r of
—0.03 pu at 0.02s, the comparison of dynamic responses
between detailed switching model and modular HSS model

VOLUME 10, 2022
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FIGURE 6. Small-signal model of modular HSS of LCC-HVDC.

TABLE 1. Constant K;;; ~ Kjgg.

Parameter Value
Kin “(RaaitRi1i)/ (R22iR31iCi)
Kiss 1/ (RiChi)
Kiiq 1/ (R31iChi)
K7 1/Cy
Kis -1/Cy;
Kis 1/ (R2iC3)
Kiss -1/ (RxiC3)
Kigi 1/ (R31iCsi)
Kisg -1/ (R31iCa)
Kiss 1/Cy;
Kisi /Ly
K‘jz _1/L21
Kiss -1/Ly;
Kiss -Ryii/Lai
Kisq -1/Ls;
K7 -1/Lg;
Kizz (R12i +R22i)/Lii
Kizs Lg;
Kiz Lg;
Kisy RaifLoi
Kiso (R12i +Ri)/Lei

in FIGURE 7. The results of firing angle and dc current of
the HSS model (blue line) are in good accordance with the
results from the detailed switching model (red line).

Due to a small disturbance is applied to dc current ref-
erence igrs, the dc current of rectifier station suddenly
decreases in FIGURE 7 (a), resulting in a slight increase in
the firing angle of the rectifier station in the initial period of
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disturbance in FIGURE 7 (b). The decrease of the DC current
of the sending-terminal system leads to the slow decrease of
the DC current of receiving-terminal system. The dynamic
response in time domain is shown in FIGURE 7 (c), the
firing angle of inverter station increases slowly in the initial
period, and its dynamic response in time domain is shown
in FIGURE 7 (d).

Initially, the system of inverter station operates at u;grr =
1.0 pu, a small disturbance is applied to #ger of —0.03 pu at
0.02s, the comparison of dynamic responses between detailed
switching model and modular HSS model in FIGURE 8. The
results of firing angle of the HSS model (blue line) are in
good accordance with the results from the detailed switching
model (red line).

Through the above simulation results and analysis, it can be
concluded that the modular HSS model of LCC-HVDC can
reflect the dynamic characteristics of the detailed switching
model to a certain extent, at the same time, it can be con-
cluded that there exists interactions among sending-terminal
and receiving-terminal system which have an influence on
the stability of the system. Thus the accuracy of the small-
signal model of modular HSS of LCC-HVDC is validated, in
the following part, the influence of the interaction between
the sending-terminal and receiving-terminal system on the
stability will be analyzed by using the modular HSS model.

IV. INFLUENCE ANALYSIS OF THE INTERACTION
BETWEEN THE SENDING-TERMINAL AND RECEIVING-
TERMINAL SYSTEM ON THE STABILITY

The dynamic characteristics of LCC-HVDC system are
determined by the interaction of converter station and
AC/DC network. When the dynamic behavior of the
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FIGURE 7. The comparison of dynamic responses between detailed
switching model and modular HSS model; the response (a)-dc current
and (b)-firing angle of the rectifier station, the responses (c)-dc current
and (d)-firing angle of the inverter station.
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FIGURE 8. The comparison of dynamic responses between detailed
switching model and modular HSS model; the response (a)-firing angle of
the rectifier station, the responses (b)-firing angle of the inverter station.

sending-terminal system changes, the dynamic characteris-
tics of receiving-terminal system also changes due to the
interaction among sending-terminal and receiving-terminal
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system. As a current source converter, the dynamic charac-
teristics of the AC network of the LCC-HVDC system are
manifested by the AC current, when a disturbance occurred
in AC network of the rectifier station, the LCC-HVDC system
will have a certain dynamic with other equipment or grid,
since the AC current has a mathematical relationship with
the DC current similar to formula (10), the dynamic of the
AC network will be transmitted to the DC line through iy,
at this time, the DC current control will to adjust the firing
angle and then affect the dynamic of the AC network of the
rectifier station. At the same time, according to the dynamic
formula (22) of DC line, the dynamic progress of iy., will
affect the dynamic progress of ug., which will lead to the
DC voltage control action of the inverter station, thus the
dynamic of the inverter station is affected, this is the complete
interaction process in which the dynamic of inverter station
is affected after the rectifier station is disturbed. Based on the
modular HSS model, impact of rectifier station and inverter
station’s controller parameters on the interactions among
sending-terminal and receiving-terminal system is analyzed.

Before analyzing, it is important to know that the modular
HSS model is of infinite order, a truncation of the mod-
ular HSS model is applied, for example, if M = 2, the
dc-component and the first and second harmonic are con-
sidered, FIGURE 9 reports an example of the modular HSS
model eigenvalue locus with M = 2. In red are depicted the
important poles and in black their translated copies. It can
be noticed that for a large truncation order the eigenvalue
loci result in long vertical lines of eigenvalues. In this paper,
the important poles in long vertical lines of eigenvalues are
selected to characterize the system.

5% Im §
S—-X b%
So—X X
x SRR x X
x X .
N /N Lol
X X
X X X x Re
X X
X X
x %

FIGURE 9. General eigenvalues locus of a HSS model. Red: significant
eigenvalues. Black: translated copies.

A. IMPACT OF PLL CONTROLLER'S PARAMETERS OF
SENDING-TERMINAL SYSTEM ON SYSTEM STABILITY

The PLL controller provides phase reference for firing angle
control and its dynamic characteristics are one of the factors
affecting the stability of the system. In the case of constant
damping ratio, the influence on system stability is investi-
gated by changing the bandwidth of the PLL controller of the
system, the main state variables affecting the oscillation mode
are explored by the modal participation factor, and the analyt-
ical results demonstrate that there exists interactions among
sending-terminal and receiving-terminal system which have
an influence on the stability of the system.
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FIGURE 10. Eigenvalue locus of LCC-HVDC with varied band-width of PLL.

The influence on system stability of the modular HSS
model is shown in FIGURE 10 with varied bandwidth of PLL.
With the increase of the bandwidth of the PLL controller of
the sending-terminal system while the damping ratio remains
unchanged, the Ase, A11,12, A17,18, 219,20, 421,22, A2526,
A27.28, A2930 are located on the left of the imaginary axis
and are largely unaffected by the bandwidth variation of PLL
controller; the A7 8, A9 10, 213,14, 215,16, 223,24 monotonically
move to the left half plane, showing a trend of increasing
stability, among which 113,14, A15,16 are greatly influenced
by the controller; the A1 2, A3 4monotonically move from the
right plane to the left half plane and cross the virtual axis to
the left half plane, where the largest pair of eigenvalues of
the real part is (3.854+5671), and the system stability changes
from unstable state to stable state. Therefore, the increase of
the bandwidth of PLL will enhance the stability of the system.
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FIGURE 11. The time-domain results of DC current of rectifier station and
FFT analysis.

In order to verify the correctness of the above analysis,
with the case of constant damping ratio of PLL in the detailed
switching model of LCC-HVDC, when the bandwidth of PLL
is switched from the maximum in the above range to the
minimum, the time-domain results of DC current are shown
in FIGURE 11, it can be seen that the divergence appears
of LCC-HVDC, and the oscillation frequency is about 90Hz.
According to the analysis results of the modular HSS model
of LCC-HVDC, when the bandwidth of PLL is minimum, the

VOLUME 10, 2022

modular HSS model presents two pairs of eigenvalues values
located in the right half plane, the eigenvalues is (3.854+5671)
which the real part is the largest, and the oscillation frequency
corresponding to the imaginary part is 90.24Hz, which is con-
sistent with the oscillation frequency of the detailed switching
model. These results are agreed with the modular HSS model
analysis.

TABLE 2. Results of eigenvalue analysis.

Eigenvalue f Participation factor (>0.005)

XLd<»r(o>:0~22; XLlrb(1>:0~102; xTr(O):O-Ogl;
XL1re(1y=0.077; X11,4(1y=0.08; Xce(0=0.067;
3.85+567i 90.24
xC3r],(1):0.044; x(g,.a(l):0.042; XC3,.C(1):0.038;

ch(o):O‘O?)S N deL.,vlo)ZO‘O 1 4,

Based on the stability analysis of eigenvalues, the modal
analysis was conducted on the unstable mode of the system
caused by the varied bandwidth of PLL. Table 2 shows the
eigenvalues of the unstable mode caused by the parameters
of PLL and the modal participation factor response results.
According to Table 2, the receiving-terminal system partic-
ipates in the oscillation, so it can be seen that there exists
interactions among sending-terminal and receiving-terminal
system which have an influence on the stability of the system.

B. IMPACT OF DC CURRENT CONTROLLER’S PARAMETERS
OF SENDING-TERMINAL SYSTEM ON SYSTEM STABILITY

The DC current controller can control the DC current of the
DC side of the sending-terminal system by controlling the fir-
ing angle, thus affecting the stability of the system. In the case
of constant damping ratio, the influence on system stability
is investigated by changing the bandwidth of the DC current
controller of the system, the main state variables affecting
the oscillation mode are explored by the modal participation
factor, and the analytical results demonstrate that there exists
interactions among sending-terminal and receiving-terminal
system which have an influence on the stability of the system.
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FIGURE 12. Eigenvalue trajectory of LCC-HVDC with varied bandwidth of
DC current controller.

The influence on system stability of the modular HSS
model is shown in FIGURE 12 with varied bandwidth of
DC current controller. With the increase of the bandwidth
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of the DC current controller of the sending-terminal system
while the damping ratio remains unchanged, the A23 24, 125,26
monotonically move to the left half plane, showing a trend
of increasing stability; the As e, A11,12, 213,14, 215,165 A17,18,
21920, A21,22, A27.28, A29.30 are located on the left of the
imaginary axis and are largely unaffected by the bandwidth
variation of DC current controller; the A3 4, A7 g, Ag 10 mono-
tonically move to the right half plane, showing a trend of
decreasing stability, but they are all located in the left half
plane; the A2 monotonically move from the left plane to
the right half plane and cross the virtual axis to the right
half plane (2.45+£6411), and the system stability changes from
stable state to unstable state. Therefore, the increase of the
bandwidth of DC current controller will weaken the stability
of the system.
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FIGURE 13. The time-domain results of DC current of rectifier station and
FFT analysis.

In order to verify the correctness of the above analysis, with
the case of constant damping ratio of DC current controller in
the detailed switching model of LCC-HVDC, when the band-
width of DC current controller is switched from the minimum
in the above range to the maximum, the time-domain results
of DC current are shown in FIGUR. 13, it can be seen that
the divergence appears of LCC-HVDC, and the oscillation
frequency is about 103 Hz. According to the analysis results
of the modular HSS model of LCC-HVDC, when the band-
width of DC current controller is maximum, the modular HSS
model presents one pairs of eigenvalues values located in the
right half plane (2.45+6411i), and the oscillation frequency
corresponding to the imaginary part is 102.02 Hz, which
is consistent with the oscillation frequency of the detailed
switching model. These results are agreed with the modular
HSS model analysis.

Based on the stability analysis of eigenvalues, the modal
analysis was conducted on the unstable mode of the system
caused by the varied bandwidth of DC current controller.
Table 3 shows the eigenvalues of the unstable mode caused
by the parameters of DC current controller and the modal
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TABLE 3. Results of eigenvalue analysis.

Eigenvalue f Participation factor (>0.005)
X1der(0y=0.235; X1,(0=0.129; x11,51y=0.106;
X£1ra(1y=0.095X11,¢(1y=0.074; Xc0)=0.053;
2.45+641i 102.02

X(’dc(o>:0~05; x(‘}r-b(l):0~048; xC}ra(l):O-046;

X3re(1y=0.04; XLaei0y=0.006;

participation factor response results. According to Table 3,
the receiving-terminal system participates in the oscillation,
so it can be seen that there exists interactions among sending-
terminal and receiving-terminal system which have an influ-
ence on the stability of the system.

C. IMPACT OF PLL CONTROLLER'S PARAMETERS OF
RECEIVING-TERMINAL SYSTEM ON SYSTEM STABILITY
The PLL controller of receiving-terminal system provides
phase reference for firing angle control and its dynamic char-
acteristics are one of the factors affecting the stability of the
system. In the case of constant damping ratio, the influence
on system stability is investigated by changing the bandwidth
of the PLL controller of receiving-terminal system, the main
state variables affecting the oscillation mode are explored
by the modal participation factor, and the analytical results
demonstrate that there exists interactions among sending-
terminal and receiving-terminal system which have an influ-
ence on the stability of the system.
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FIGURE 14. Eigenvalue locus of LCC-HVDC with varied bandwidth of PLL
of receiving-terminal system.

The influence on system stability of the modular HSS
model is shown in FIGURE 14 with varied bandwidth of PLL.
With the increase of the bandwidth of the PLL controller
of the receiving-terminal system while the damping ratio
remains unchanged, the Asg, A738, A13,14, A17.18, A19,20,
A2526, A27.28 are located on the left of the imaginary axis
and are largely unaffected by the bandwidth variation of PLL
controller; the Ag 10, A11,12, 221,22, A23,24monotonically move
to the left half plane, showing a trend of increasing stability,
among which A9 10, A11,12, A23 24 are greatly influenced by
the controller; the 115,16 monotonically move to the right half
plane, showing a trend of decreasing stability, but they are
all located in the left half plane; the A1 2, A3 4 monotonically
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FIGURE 15. The time-domain results of DC current of inverter station and
FFT analysis.

move from the left plane to the right half plane and cross the
virtual axis to the right half plane, where the largest pair of
eigenvalues of the real part is (1.02+64.71), and the system
stability changes from stable state to unstable state. There-
fore, the increase of PLL controller’s bandwidth of receiving-
terminal system will weaken the stability of the system.

In order to verify the correctness of the above analysis,
with the case of constant damping ratio of PLL in the detailed
switching model of LCC-HVDC, when the bandwidth of PLL
of receiving-terminal system is switched from the minimum
in the above range to the maximum, the time-domain results
of DC current of inverter station are shown in FIGURE 15,
it can be seen that the divergence appears of LCC-HVDC,
and the oscillation frequency is about 10Hz. According to the
analysis results of the modular HSS model of LCC-HVDC,
when the bandwidth of PLL is maximum, the modular HSS
model presents two pairs of eigenvalues values located in
the right half plane, the eigenvalues is (1.02+4-64.71) which
the real part is the largest, and the oscillation frequency
corresponding to the imaginary part is 10.3Hz, which is con-
sistent with the oscillation frequency of the detailed switching
model. These results are agreed with the modular HSS model

TABLE 4. Results of eigenvalue analysis.

Eigenvalue f Participation factor (>0.005)
xpLsz(()):o.353; XC(_*(0):0.343; )CT,(()):O.ISS;
Xcde0y=0.165;p12i10/=0.128; X14ci(0y=0.108;

1.02+64.71 10.3 X1e0y=0.085:%14c(0/=0.059:x7,(0)=0.033;

xLxlm(l):o-ozs; stlm(1):0-025;st1ib(1):0-018;

X152ie(y=0.014; X7051y=0.013; X742i0(1=0.011
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analysis. When the bandwidth of PLL of receiving-terminal
system is about 20.36Hz, the model has critical instability.

Based on the stability analysis of eigenvalues, the modal
analysis was conducted on the unstable mode of the system
caused by the varied bandwidth of PLL of receiving-terminal
system. Table 4 shows the eigenvalues of the unstable mode
caused by the parameters of PLL and the modal partici-
pation factor response results. According to Table 4, the
sending-terminal system participates in the oscillation, so it
can be seen that there exists interactions among sending-
terminal and receiving-terminal system which have an influ-
ence on the stability of the system.

V. CONCLUSION

Based on harmonic state space theory, this paper focuses
on the dynamic stability of LCC-HVDC system, and studies
the influence of controller’s parameters of the modular HSS
model of LCC-HVDC and its interaction on the system sta-
bility. The innovation and contribution of this paper can be
summarized as follows:

1) The HSS modeling of LCC-HVDC system is carried
out, and the idea of modular HSS modeling of LCC-HVDC is
proposed, which is conducive to the establishment and expan-
sion of the model. The small-signal model of modular HSS
of LCC-HVDC is established, which includes both sending-
terminal and receiving-terminal system.

2) Based on the small-signal model of modular HSS of
LCC-HVDC with sending-terminal and receiving-terminal
system, the stability analysis is carried out to explore the
influence of controller’s parameters on system stability.
By means of modal analysis, it is found that the oscilla-
tion modes are mainly dominated by the state variables of
controller of sending-terminal system, filter, DC network
and AC network of sending-terminal and receiving-terminal
system. The results show that there exists interactions among
sending-terminal and receiving-terminal system which have
an influence on the stability of the system.
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