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Abstract—This paper performs a study on three-way subsyn-
chronous torsional interactions (SSTI) between a hybrid dual-in-
feed high-voltage direct current (HVDC) system and a nuclear
generator. The test case is based on the French IFA2000 line
commutated converter (LCC) HVDC (2 GW) and the new Ele-
clink modular multilevel converter (MMC) HVDC (1 GW) in-
teracting with the Gravelines generator (1 GW). The analysis is
performed by the means of the eigenvalue stability assessment
on an analytical model, while the accuracy of the conclusions is
verified using the detailed non-linear electromegnetic transient
program (EMTP) model. The study shows that the dual-infeed
system may introduce higher risk of the SSTI compared with
the point-to-point HVDC systems. It shows that MMC operat-
ing as static synchronous compensator (STATCOM) may fur-
ther reduce the torsional damping at 6.3 Hz mode. This conclu-
sion may be unexpected since it is known fact from literature
that STATCOM has a beneficial impact on the transient perfor-
mance of LCC. Further studies show that in a sequential
HVDC loading, it may be beneficial to load the MMC HVDC
first. Also, the risk of the SSTI may be minimized by changing
HVDC controller gains, in particular, by increasing phase-
locked-loop (PLL) gains on the LCC rectifier.

Index Terms—Subsynchronous torsional interaction (SSTI), ei-
genvalue stability, hybrid dual-infeed high-voltage direct cur-
rent (HVDC), line commutated converter (LCC), modular multi-
level converter (MMC), nuclear generator.

1. INTRODUCTION

HE phenomenon of subsynchronous resonance (SSR)

has been manifested in practice on multiple occasions
since the 1970s [1], [2]. It represents a condition where the
electric network reduces the damping or destabilizes the nat-
ural (torsional) modes of a turbine-generator mechanical
shaft, which are in the subsynchronous frequency range, i.c.,
below 50 Hz or 60 Hz [1]. It is manifested with either poor-
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ly damped or growing (destabilized) rotor speed oscillations,
which may reduce the life-time of the shaft, or even damage
the shaft.

The SSR is often associated with series compensated trans-
mission systems; however, it can also be caused by the con-
trol of high-voltage direct current (HVDC) transmission, and
this is commonly known as the subsynchronous torsional in-
teractions (SSTI) [3]. Reference [4] is the first demonstration
of the SSTI, which shows that the line commutated convert-
er (LCC) may destabilize the torsional modes of a nearby
turbine-generator at the Square Butte in North Dakota, USA,
in 1977. Since then, there have been multiple SSTI cases re-
ported worldwide, even in recent years [5]-[7], and this topic
has been well studied [3], [4], [8].

However, there is limited practical experience or pub-
lished work with the voltage source converter (VSC)-based
systems, although this topic is gaining much interest since
the emerging VSC topology is superseding the LCC in
HVDC applications. Most SSTI studies consider the early
two-level VSC and suggest a minor risk [9], [10]. However,
modular multilevel converter (MMC) is becoming predomi-
nant and has different dynamics from LCC and 2-level VSC
[11]. The recent analytical study in [12] shows that an MMC
HVDC may significantly reduce the torsional damping of a
nearby nuclear generator, and may even cause torsional insta-
bility for some realistic operating conditions. However, it is
accepted that the impact is generally less adverse compared
with LCC HVDC, for the same short circuit capacity (SCC).

With the benefits of MMC, and considering many existing
LCC HVDC, we expect to see a mix of MMC and LCC (hy-
brid dual-infeed HVDC system) interconnecting the same
AC grids. This topic is of further interest since studies have
indicated that MMC, in either HVDC transmission link or
static synchronous compensator (STATCOM) application,
may have a beneficial impact on the stability and perfor-
mance of the LCC [13], [14]. However, previous studies
have not examined three-way LCC-MMC-generator torsional
interactions, while grid operators are raising new SSTI con-
cerns caused by the combined effect of the two HVDC links.

The aim of this study is to perform three-way SSTI inves-
tigation by considering all operating modes. The eigenvalue
stability study will be based on a small-signal analytical
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model, which is the best approach for generic, in-depth sta-
bility and control design study [1], [11], [15]. The practical
test system is presented in Section II, while the EMTP and
small-signal state-space models are presented in Section III
and IV, respectively. The SSTI stability margins will be eval-
uated using root locus of the generator torsional modes (ei-
genvalues) when changing key parameters, operating condi-
tions, and controller gains, which will be presented in Sec-
tions V-VIIL. The results will be verified with detailed simula-
tions on electromegnetic transient program (EMTP) models,
which will be given in Section VIII. Finally, conclusions are
given in Section IX.

II. PRACTICAL TEST SYSTEM

The study is motivated by a practical dual-infeed hybrid
HVDC system in the North of France, operated by Réseau
de Transport d’ Electricit¢ (RTE), the French transmission
system operator (TSO). This system has a history of SSTI
stability issues [7].

A. North French Topology

The schematic of the test system representing North
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French topology is presented in Fig. 1. It is composed of an
old 2 GW LCC HVDC link IFA2000 (commissioned in
1977 and refurbished in 2012), and the new 1 GW MMC
HVDC link Eleclink (2021). The two links connect the
French and the English AC grid, and they are of a similar
length (70 km). They are connected to the French AC grid
within close proximity (10-40 km), as represented by a short
tie-line. Although the electrical distance between the links
may vary depending on which AC transmission lines are en-
ergized, the worst-case closest proximity is considered in the
study as guided by the studies with single HVDC links. The
two HVDC links are also connected close to the 1.12 GW
French nuclear power plant in Gravelines. On the English
AC side, each HVDC link is connected to a separate AC
grid, since the English terminals are much more distanced.
All the HVDC power flow directions are considered, and
this covers both the rectifier and the inverter operations on
each of the two French converters. Figure 1 also shows two
switches (S, and S,), which represent different operating con-
ditions; PCC represents the point of common coupling; X/R
is the impedance ratio; and V, and 7, are the DC voltage
and current, respectively.

_ PCC3 Bleclink, 1 GW, 320 kv, MMC HVDC  T§¢

| french ACgrd | English AC grid 2
| 400kV,50Hz | | 400kv, 50 Hz |
E SCC, XR || i E |
”””””””””””””” : | SCC=5GVA |

PE XIR=10
Tie-line: ¢ ¢+ T

10 km | i{PCC 1 PCC2
IFA2000, 2x1 GW, £270 kV, LCC HVDC

Gravelines generator

Overhead line
30 km

‘
i Generator

| 1120 MVA 24 kV/400 kV

Fig. 1. Schematic of test system representing North French topology.

B. History of SSTI Concerns

In 1988, the Electricit¢ de France (EDF) study reported
that the IFA2000 link may destabilize the dominant torsional
mode (6.3 Hz) of Gravelines generator, for weak French AC
grid [7]. These experimental results were replicated in our re-
cent study with the analytical models [8], confirming the fi-
delity of the state-space model. Further studies [12] indicat-
ed that there may also exist a risk of SSTI with the Eleclink
HVDC system. There is now sufficient uncertainty to initiate
full and detailed three-way SSTI study.

III. EMTP MODEL

A. Detailed EMTP HVDC Models
The generator and the LCC HVDC models are represent-

| 400 kV, 50 Hz |

| scc=10GvA |

ed using the standard electromagnetic transient (EMT) mod-
els which are based on the well-documented approaches
[16], [17]. The LCC HVDC model is based on the standard
6-pulse converter. The DC cable is represented using the con-
stant distributed-parameter model.

The MMC HVDC is represented using the type 4 average
value model according to the CIGRE working group B4.57
[18]. The entire string of cells in one arm is replaced by an
equivalent controllable voltage source (schematic available
in [11]), and this significantly improves the computational
speed. Higher harmonics caused by cell switching and cell
voltage variations are neglected since they are out of the in-
terest frequency range. The Eleclink DC cable is represented
using the wideband (frequency-dependent) model, as shown
in [19].
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B. HVDC and Generator Parameters

The parameters of the LCC HVDC are taken from the
available TFA2000 data [20] and the industrial experience
with similar systems, as presented in [8]. The model in-
cludes 8 filters on each AC side, which are switched depend-
ing on the HVDC power level. The MMC HVDC parame-
ters are available in [12], and Appendix A gives all key
HVDC and generator parameters.

The electrical parameters of Gravelines generator are avail-
able in [21]. The generator shaft parameters have been identi-
fied in [8] based on oscillatory modes reported by EDF in
[7], and are shown in Table 1. The analytical model repre-
sents well both frequency and damping of the generator tor-
sional modes, i.e., 6.3 Hz, 12 Hz, and 16 Hz mode. The 6.3
Hz mode is the dominant mode (with the lowest damping)
while the 16 Hz mode is not excited by the electric network
resonance.

TABLE I
GENERATOR SHAFT PARAMETERS

Turbine/generator Inertia Spring con- Mechar%ical
(MWs/MVA) stant (p.u./rad)  damping
High-pressure (HP) turbine 0.168 9.48 0.2
Low-pressure (LP) turbine A 1.390 10.94 0.4
LP turbine B 1.500 19.09 2.0
Generator 0.981 0.4

C. Control Structure

1) LCC HVDC

The LCC HVDC has the standard control structure [11];
each converter has three controllers: DC current, DC volt-
age, and Gamma extinction angle controllers. In normal oper-
ation, the rectifier is controlling DC current and inverter is
controlling DC voltage. The converter is synchronized with
the PCC voltage using a dg-type phase-locked-loop (PLL).
During large-signal transients such as AC faults, the DC cur-
rent controller employs the voltage-dependent-current-order
limiter based on the common V, -/, graphs. Also, the DC
current and DC voltage controllers have proportional gain
scheduling [11] with respect to the nominal firing angle
(20°).
2) MMC HVDC

The MMC HVDC has the standard control structure [11],
which is shown in Fig. 2. Variables are defined in [11]. Rec-
tifier controls active power and inverter controls DC voltage.
Each MMC also controls reactive power with AC voltage
droop to be compliant with the grid code. As part of the AC
voltage primary control, the voltage droop parameter and the
voltage reference are defined by the TSO to share the AC
voltage control burden between different plants in the same
AC area. The outer loop controllers set the reference for the
inner decoupled DQ current controller. All controllers oper-
ate in the synchronous PCC reference frame using the DQ
PLL. Each MMC also employs circulating current suppres-
sion controller (CCSC) which is in the double fundamental
frequency frame.
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Schematic of MMC control structure. (a) PLL. (b) Main control.

Fig. 2.

3) Generator

The generator has generic nuclear generator controllers:
the AC4A exciter, the PSS2A power system stabilizer [1],
and the IEEEGI speed governor with load controller [22].
The power system stabilizer has rotor speed and electrical
power as the inputs, which has negligible impact on the tor-
sional damping while improving damping of the power
swing mode. The load controller is used for slow adjust-
ments of the operating point. Controller details can be found
in [8] and [12].

D. Range of HVDC and Generator Controller Gains

The generator controller gains are adopted by considering
IEEE standards [22], [23] and they are tuned and tested to
provide fast performance with a small overshoot of below
20% for various operating conditions, as shown in [8], [12].

While the generator controller gains are fixed, this study
will consider the impact of a wide range of possible HVDC
controller gains. The adopted ranges of LCC and MCC
HVDC controller gains are provided in Table II and Table
IIT based on RTE field experience, respectively. All the gain
values from the given range have been tested and give satis-
factory performance.

TABLE II
RANGE OF LCC HVDC CONTROLLER GAINS

Controller Controller gain Basic value ~ Range  Feedback filter
DC current K, (°/p.u.) 45 +50% Time constant
controller K, (°/(slp.u.)) 4000 +50% 7,=0.0012 s
K, (°/p.u. 35 +50%

DC voltage » /pu) ( T,-0.015 s
controller K, (°/(s/p.u.)) 2250 +50% :
Gamma K, (°/°) 1
controller K, (°/(°s)) 20
K, (rad/(s/p.u.)) 10 10-60
PLL 5 )
K, (rad/(s”/p.u.)) 50 K2
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TABLE III
RANGE OF MMC HVDC CONTROLLER GAINS

Controller Controller gain Basic value Range Feedback filter
Active power K, (p-u./p.u.) 0 Cut-off frequen-
controller (P) K, (s"'/pu.) 30 15-45  ©yf,=280 Hz

i K, (p.u./p.u. 0
Reactive power » (pu/pu) £ =280 Hz
controller (Q) K, (s 30 15-45
K (p.u/p.u) -6 —9--3
drl()\()C \:())lrtl?rgoeller J:=05Hz
P V ey (-0 1
- K, (pu/pu. 9.6
DC voltage con » (pu/p.u.) £ =141 Hz
troller (V) K, (s 294
DQ current con-  Kj (p-u/p.u.) 1 f.,=11 Hz
troller (7,) K, (s 100 50-150  f,.=2000 Hz
K, (rad/(s/p.u. 80 40-120
PLL »( (zp ) :
K, (rad/(s"/p.u.)) 1600 K;/4
K, (p.u./p.u.) 0.8
CCsC ) £.=2000 Hz
K, (s7) 20

E. HVDC Operating Strategies

This study assumes that the operating strategy of dual-in-
feed HVDC system considers the most relevant, as shown in
Table IV. The two HVDC links deliver power in the same di-
rection, and both power flow directions are evaluated. Only
after one HVDC link is loaded to its rated power can the dis-
patching of the second link begin, which is termed “sequen-
tial” HVDC loading. Either LCC or MMC can be loaded
first. In case the MMC is loaded first (operating strategy 2)
up to its full power of 1 GW, the LCC is disconnected (the
minimum allowable power for the LCC is 10% of the nomi-
nal power). However, in case the LCC is loaded first (operat-
ing strategy 1), the MMC is operating as STATCOM, which
supports AC voltage with reactive power/AC voltage droop
control. MMC operating in STATCOM mode is found to
have significant impact on system stability, as analyzed in
Section V.

TABLE IV
OPERATING STRATEGIES OF DUAL-INFEED HVDC SYSTEM

Type of Operating  Power flow of .
operation strategy two HVDC Total HVDC loading
0-2 GW: LCC HVDC +
Operating The same STATCOM
Sequential strategy 1 direction 2.3 GW: LCC at 2 GW +
HVDC MMC HVDC
loading . 0-1 GW: MMC HVDC
Operating The same
strategy 2 direction 1-3 GW: MMC at 1 GW +

LCC HVDC

It is possible to increase loading of two HVDC simultane-
ously and arbitrarily (and perhaps in the opposite direction);
however, these operating strategies are not studied.

F. Operating Conditions

This study will analyze broad range of operating points de-
pending on HVDC active/reactive power and generator ac-
tive power/AC voltage. The French SCC will be reduced
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from strong to weak grid, with the lowest realistic SCC of 3
GVA according to the TSO [7] (this has not significantly
evolved since the studies were performed during the 1980s).
Under all operating conditions, the PCC voltage is within
the normal operating range +5% of the rated 400 kV voltage.

IV. SMALL-SIGNAL STATE-SPACE MODEL

The individual small-signal models of the two HVDC
links and the generator are coded in MATLAB, and their ac-
curacy has been individually verified against the EMTP mod-
els for wide range of operating conditions and for all vari-
ables, but they are not presented in detail for brevity.

A. LCC HVDC Model

The linearized state-space LCC HVDC analytical model
employs the modeling approaches from [11] and it is out-
lined in [8]. The state-space DC cable model consists of 10
series m sections which represent well the dynamics up to 1
kHz [24].

B. MMC HVDC Model

The MMC linearized dynamic model is of the 10" order
and in three coordinate frames [25]. The complete MMC
HVDC model is of the 126" order and includes 2 MMCs,
their control systems, and the DC cable [12]. The DC cable
is represented as the 50"-order state-space model using fre-
quency-dependent (wideband) vector fitting, and its accuracy
is verified against the EMT model up to 1 kHz [24].

C. Generator Model

The linearized generator model in state-space includes ro-
tor/stator circuit, with the armature, field and damper wind-
ings, and multi-mass shaft model. The complete linearized
model is of the 42™ order and includes the control sys-
tem [8].

D. Complete Model

The complete test system is assembled in state-space by
connecting the subsystems to enable flexibility in studies.
The diagram in Fig. 3 shows the block diagram of complete
state-space model, including the interconnections, all the con-
troller inputs, as well as the external (AC grid disturbance)
inputs. The order of the complete model is 299.

V. SSTI ANALYSIS WITH MMC STATCOM OPERATION

The impact of the French MMC operation as a STAT-
COM with AC voltage droop control, as defined in Table III,
is analysed firstly,. The LCC HVDC is delivering power
from France to England, since this mode is known to intro-
duce the highest risk of the SSTIL.

A. Impact of STATCOM and LCC HVDC Loading

The torsional damping of 6.3 Hz and 12 Hz modes for
change of LCC HVDC loading and the French SCC show-
ing also the impact of MMC STATCOM are shown in Fig.
4. The generator is at the rated loading, which is the condi-
tion of the lowest torsional damping [1], as it is known from
the studies on the point-to-point HVDC [8], [12].
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Fig. 3. Block diagram of complete state-space model.

0.2 0.2 across the entire loading range for the 6.3 Hz mode, while
2 Hehhbh e El the impact on the 12 Hz mode depends on the loading and
§0~1 I go'l SCC. Furthermore, the LCC HVDC deteriorates damping
A A B more as the French SCC is reducing. For a particularly weak

0 0t5 le 1t5 210 0 0i5 liO 1‘_5 21.0 AC grld (SCC below 3.5 GVA roughly), the HVDC may de-

LCC HVDC loading (GW) LCC HVDC loading (GW) stabilize the 6.3 Hz mode, which is consistent with reports

(@) (b) in [7]. The 12 Hz mode is always stable.

wo'z [ mo'z [ The impact of the French MMC operating as STATCOM
E0.1¢ g (zero active power) is shown by red plots. Compared with
S o prphbE e S 0 tepbpReR et just LCC HVDC, STATCOM will generally further reduce
A A the damping slightly, although the adverse impact is mostly
95 10 15 20 020705 10 15 20 of significance for lower LCC power. Similar results are ob-
LCC HVDC loading (GW) LCC HVDC loading (GW) tained for other AC voltages levels in +5% range, and also

03 © 03 @ for lower generator power, although the torsional damping is
o o . higher according to the generator power characteristics [1].
é 02 f~"*++++4,_F é 0_27*+++ These are unexpected findings, since this STATCOM im-
g g +% proves the performance of LCC HVDC (both small signal
a a gt . . . .

01 ) ) ) ) o1 ) ) ' ) and transients) when the system is designed using normal

0 05 10 15 20 0 05 10 15 20 voltage stability criteria, as further demonstrated in Section
LCC HVDC loading (GW) LCC HVDC loading (GW) VIII
(e) (® '

0.3 0.4 B. Impact of STATCOM Controller Settings
en on
£ * £ + Eigenvalue sensitivity of the torsional modes shows that
So02T * S02Ff Hp . ) . X
g +++ £ ++*‘H:=¢=t e the most influential MMC controller gains are the integral
= ol ‘ Hﬁwﬁ = ‘ ‘ ‘# ) gain of reactive power controller and the droop gain of AC

005 10 15 20 0 05 10 15 20  voltage controller. The impact of STATCOM controller gains

LCC HVDC(")’ad‘“g (GW) LCC HVDC(IL‘)’ad‘“g (GW) on the 6.3 Hz mode is shown in Fig. 5 for French SCC of 3
g

* LCC HVDC disconnected; +Without STATCOM; +With STATCOM

Fig. 4. Torsional damping of 6.3 Hz and 12 Hz modes for change of LCC
HVDC loading and French SCC showing also impact of MMC STATCOM.
(a) 6.3 Hz mode, French SCC of 10 GVA. (b) 6.3 Hz mode, French SCC of
5 GVA. (¢) 6.3 Hz mode, French SCC of 4 GVA. (d) 6.3 Hz mode, French
SCC of 3 GVA. (e) 12 Hz mode, French SCC of 10 GVA. (f) 12 Hz mode,
French SCC of 5 GVA. (g) 12 Hz mode, French SCC of 4 GVA. (h) 12 Hz
mode, French SCC of 3 GVA.

In Fig.4, the “*” symbol represents the base case of just
the generator feeding AC grid (none of the HVDC links is
in operation), and it shows that the 6.3 Hz mode always has
reduced damping with the HVDC in operation.

Black plots represent the case when only LCC HVDC is
connected, which show that LCC always reduces damping

GVA. As can be observed, decreasing these gains reduces
negative dynamic impact of the STATCOM but this also de-
grades the performance of reactive power control (less reac-
tive power contribution or slower reactive power control).

VI. SSTI FOR POWER FLOW FROM FRANCE TO ENGLAND

A. Comparison of Strategies for Basic HVDC Controller
Gains

Figure 6 shows the torsional damping for the two operat-
ing strategies considering change of the French SCC and
HVDC loading. In the 0-1 GW range, the operating strategy
2 (MMC HVDC first) has much lower negative impact on
the damping, and the torsional modes are not at risk of insta-
bility.
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Total HVDC power (GW) Total HVDC power (GW)
(8 (h)

* HVDC disconnected; + Operating strategy 1; -+ Operating strategy 2

Fig. 6. Torsional damping for two operating strategies considering change
of French SCC and HVDC loading. (a) 6.3 Hz mode, French SCC of 10
GVA. (b) 6.3 Hz mode, French SCC of 5 GVA. (¢) 6.3 Hz mode, French
SCC of 4 GVA. (d) 6.3 Hz mode, French SCC of 3 GVA. (e) 12 Hz mode,
French SCC of 10 GVA. (f) 12 Hz mode, French SCC of 5 GVA. (g) 12 Hz
mode, French SCC of 4 GVA. (h) 12 Hz mode, French SCC of 3 GVA.

This is expected when comparing previous results for indi-
vidual HVDC, LCC [8], and MMC [12]. In the 2-3 GW
range, the results are similar for the two operating strategies.

However, it is not expected that the damping is improved
as the HVDC loading increases, especially in the 2-3 GW
range. Further analysis concludes that this is primarily
caused by the value of the LCC firing angle. Figure 7 shows
that the torsional damping may be very sensitive to the
change of the rectifier LCC firing angle, particularly below
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the nominal value. This is also tested using transformer tap
changer on the LCC HVDC, while all other conditions are
fixed (similar conclusions are derived in [4]). In the dual-in-
feed system, Fig. 8 shows that in the 2-3 GW, the PCC volt-
age decreases since all the AC filters are connected, and
MMC has AC voltage droop control. Consequently, the fir-
ing angle decreases below the nominal value to maintain the
desired power, and this explains why the damping is improv-
ing.
0.08
0.06
0.04
0.02
0
-0.02

ing

Damp

0 20 40 0 40
Firing angle (°) Firing angle (°)
(a) (b)
+2 GW DC power, 17° nominal firing angle
+1 GW DC power, 25° nominal firing angle
+0.1 GW DC power, 30° nominal firing angle

Fig. 7. Torsional damping for change of firing angle. (a) 6.3 Hz mode. (b)
12 Hz mode.

Z 410 . ~ 40

< + T+ ~

+

% 400 R 530

= S

£ 390 &0 20

E =

B~ 10 L n
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B. Impact of HVDC Controller Gains

Eigenvalue sensitivity analysis of the torsional modes is
performed on the whole system, and the most influential
HVDC controller gains are found to be: DC current control-
ler and PLL gains at the rectifier LCC. This is explored in
Fig. 9 for the operating strategy 1, but similar conclusions
are derived for the second strategy. In this study, proportion-
al and integral gains are increased simultaneously to main-
tain similar step performance. It is observed that by increas-
ing the gains at LCC rectifier (either /,, or PLL), the damp-
ing of the 6.3 Hz mode is improving significantly, and the
risk of destabilizing the mode is eliminated for all the con-
sidered operating conditions. This occurs at the expense of
some reduction of the damping of the 12 Hz mode. Howev-
er, this mode has higher inherent mechanical damping and
there is no risk of SSTI.

VII. SSTI FOR POWER FLOW FROM ENGLAND TO FRANCE

A. Comparison of Strategies for Basic HVDC Controller
Gains

Figure 10 presents the torsional damping considering two
dual-infeed operating strategies for the case of the French
SCC of 7 GVA.
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This is the weakest grid for which the two HVDC links
and the generator can deliver full power, according to the
power flow analysis. However, similar results are obtained
for reduced loading which allows weaker AC grid. The fig-
ure shows the damping for the change of the loading of the
two HVDC links. Figure 10(a) and (b) shows the impact of
the STATCOM operation, while Fig. 10(c) and (d) compares
the two operating strategies. As can be observed, the dual-in-
feed system increases the torsional damping with respect to
the isolated generator, and thus, there is no risk of the SSTI.
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Fig. 10. Torsional damping considering two dual-infeed operating strate-
gies. (a) 6.3 Hz mode with LCC HVDC or STATCOM. (b) 12 Hz mode
with LCC HVDC or STATCOM. (c) 6.3 Hz with operating strategy 1 or 2.
(d) 12 Hz mode with operating strategy 1 or 2.
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B. Impact of HVDC Controller Gains

Additional eigenvalue sensitivity study shows that the du-
al-infeed system can reduce the torsional damping but of on-
ly the 6.3 Hz mode and only when the PLL gains are in-
creased on the inverter LCC. It is shown in Fig. 11 that for
high PLL gains (K,=60, K,=1800), increasing the total
HVDC loading reduces the damping. For high total loading,
the 6.3 Hz mode can even become unstable. This conclusion
is consistent with other stability studies of interactions be-
tween HVDC controllers and weak grids, which concludes
that high PLL gains at inverter may cause stability issues
[14], [15].

+
01y 1 2 3
Total HVDC loading (GW)

* HVDC disconnected
+ Operating strategy |
+ Operating strategy 2

Fig. 11. Damping of the 6.3 Hz mode for high PLL gains at inverter LCC.

VII. EMT TIME DOMAIN VERIFICATION

All the results of the eigenvalue study are verified by de-
tailed EMTP simulations. The disturbance (a 2.5% voltage
sag) is simulated by connecting a light load (533 MW, 300
Q resistance) for 0.2 s at the French PCC of the LCC
HVDC.

A. Impact of MMC as STATCOM

Literature suggests that STATCOM improves transient per-
formance of LCC HVDC [13], [14], and this is verified in
Fig. 12. The responses are obtained for a relatively weak AC
grid with SCC of 6 GVA. As can be observed, without
STATCOM, LCC HVDC cannot maintain the rated DC cur-
rent since the rectifier LCC has reached the minimum firing
angle of 5°. STATCOM is beneficial since it supports the
AC voltage which enables rated power flow. Also, the recov-
ery time, and the damping of the oscillations are improved.
Similar conclusions are obtained for all other operating
points; however, these studies do not examine the influence
of multi-mass generator.

The impact of the STATCOM is now investigated when
the generator is operated at rated power and with weak
French SCC of 3.5 GVA. Figure 13 shows the obtained gen-
erator-rotor speed responses for a voltage sag in 1.5-1.7 s. It
can be observed that when the STATCOM is not in opera-
tion, the rotor speed has lightly damped oscillations at the
frequency of the 6.3 Hz mode.

With STATCOM, the oscillations are similar for the rated
LCC power, which means that STATCOM has negligible im-
pact. However, as the LCC power decreases, the impact of
STATCOM is to increase the growth rate of the oscillations,
which confirms the analytical results obtained in Fig. 4.
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B. Hybrid System Consisting of MMC and LCC HVDC Links

The eigenvalue study in Fig. 4 has shown an interesting
result that increasing MMC power while LCC HVDC is at
rated loading can improve the torsional damping. This is
now simulated in EMTP, as shown in Fig. 14. As can be ob-
served, when the MMC is at low power, the generator speed
exhibits growing oscillations at the frequency of the 6.3 Hz
mode. However, as the MMC power increases, the oscilla-
tions become more damped.

C. Impact of PLL Gains

Another important conclusion from analytical study in
Fig. 9 is that increasing PLL gains on rectifier LCC can miti-
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gate the SSTI. This is explored on EMTP in Fig. 15, where
LCC is operating at rated power with MMC as STATCOM.
The French SCC is equal to 3 GVA. As can be observed, for
the basic controller gains, the response shows growing oscil-
lations; however, for high PLL gains, the oscillations are
well damped and there is no risk of the SSTI. However, on
the downside, there is a slight reduction of the 12 Hz oscilla-
tion damping.
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Fig. 14. Generator-rotor speed showing impact of increasing MMC power.
(a) MCC HVDC with STATCOM. (b) MCC HVDC with 0.3 GW loading.
(¢) MCC HVDC with 0.7 GW loading.
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Fig. 15. Generator-rotor speed for a voltage sag.

IX. CONCLUSION

Three-way LCC-MMC-generator stability analysis has
shown that a hybrid dual-infeed HVDC system may intro-
duce a higher risk of the SSTI compared with the individual
point-to-point HVDC systems. It is shown that adding an
MMC STATCOM may reduce the torsional damping of an
existing LCC HVDC and nuclear generator system. In a se-
quential operation of the dual-infeed system, the risk of the
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SSTI may be lower if the MMC HVDC is loaded first. The
risk of the SSTI could be mitigated slightly by reducing the
STATCOM reactive power or AC voltage droop gains at the
expense of voltage control performance. The risk of destabi-
lizing torsional modes may be mitigated by increasing PLL
gains on the rectifier LCC. However, increasing PLL gain
on the inverter LCC may have an opposite effect on the SS-
TL

APPENDIX A

Tables AI-AIIl show the LCC HVDC, MMC HVDC, and
generator parameters, respectively. Figure Al shows the pa-
rameters of the AC filters on the LCC HVDC.

TABLE Al
LCC HVDC PARAMETERS

Type Parameter Value
HVDC power (GW) 2
DC voltage rating (kV) +270
Smoothing reactance (mH) 350
Converter parameters
Transformer (MVA) 618
Transformer reactance (p.u.) 0.15
Transformer ratio (kV) 400/115
Resistance (€/km) 0.015

DC cable distributed Length (km) 70

parameters Inductance (mH/km) 0.792
Capacitance (nF/km) 14.4
TABLE All
MMC HVDC PARAMETERS
Type Parameter Value
Power rating (MW) 1000
DC voltage (kV) +320
Transformer primary voltage (kV) 400
Converter pa- Transformer secondary voltage (kV) 360
rameters Transformer reactance (p.u.) 0.18
Arm inductance (p.u.) 0.12
Capacitor energy in submodule (kJ/MVA) 40
Number of submodules per arm 400
Number of poles per cable 2
Vertical distance from ground level (m) 1.33
Horizontal distance between poles (m) 0.5
Conductor outside radius (mm) 32
Sheath inside radius (mm) 56.9
Underground Sheath outside radius (mm) 58.2
DC cable ] ] .
parameters Outer insulation radius (mm) 63.9
Conductor resistivity per length unit (€/m) 1.72x107*
Sheath resistivity per length unit (€/m) 2.83x10°*
Relative permeability 1
Insulator relative permittivity 2.5
Insulator loss factor 0.0004
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TABLE Alll
GENERATOR PARAMETERS
Type Parameter Value
Power rating (MVA) 1120
Basic Stator frequency (Hz) 50
%g;’;r;_' Stator terminal RMS line-to-line voltage (kV) 24
rameters Number of poles 4
Armature winding connection (grounded) Y
Armature resistance R (p.u.) 0.004
Zero-sequence inductance L (p.u.) 0.187
Armature leakage inductance L, (p.u.) 0.27
Parame- Armature d-axis inductance L, (p.u.) 2.57
ters_of Armature g-axis inductance L (p.u.) 2.57
equiva- 7
lent d-axis transient inductance L/, (p.u.) 0.411
el?CtTi' d-axis sub-transient inductance L] (p.u.) 0.3
cal cir-
cuit d-axis short-circuit transient time constant 7 (s) 1.28
d-axis short-circuit sub-transient time constant 7/ (s) ~ 0.043
g-axis sub-transient inductance L (p.u.) 0.323
g-axis short-circuit sub-transient time constant 7,’ (p.u.) 0.106
400 kV 400 kV 400 kV 400 kV
G C G Cer
R, L, Ry R, L Re
Cos Ca
C,=3.18 uF C13i3.25 uF C,=2.586 uF C(,'1i2-586 uF
= C3=9.55 uF B C»=23.89 uF
R,=2340Q ” R=21440Q -
L,=27.8 mH R35Q ) 353mpn Re 6669
27 APOME p a3 mu TR L —404mH
(a) (b) () (d)
Fig. Al. Parameters of AC filters on LCC HVDC. (a) French side: the 2"

order filter (the 11™ and 13™ harmonics). (b) French side: the 3™ order filter
(the 3™ and 4™ harmonics). (c) English side: the 2™ order filter (the 11" har-
monic). (d) English side: “C” type filter (the 3™ harmonic).
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