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Investigation of Sub-synchronous Oscillation in HVDC-connected
PMSG-based Offshore Wind Farm: Comprehensive Modeling and
Analysis
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Abstract— This paper investigates the sub-synchronous os-
cillation occurring in high voltage direct current (HVDC)-
connected permanent magnet synchronous generator (PMSG)-
based offshore wind farm. To do so, firstly, a comprehensive
system model is developed, which incorporates the dynamics
of the PMSG-based wind energy conversion system (WECS),
the ac collection grid, and the HVDC transmission system.
Subsequently, small signal model of the comprehensive system
is derived. Based on the small signal model, the critical system
mode is obtained using modal analysis. Special attention is
paid to the influence of sub-synchronous mode on the onshore
grid. Moreover, the influence of controller parameters on the
sub-synchronous mode is investigated, which facilitates the
design of converter controllers in HVDC-integrated PMSG-
based offshore wind farm. Additionally, the modal analysis
results are verified through time-domain simulations.

I. INTRODUCTION

The continuous and swift expansion of offshore wind en-
ergy provides a new avenue for addressing the dual pressures
of energy requirement and environmental preservation [1].
Recent advances in wind power integration technology,
specifically the utilization of permanent magnet synchronous
generator (PMSG)-based wind energy conversion systems
(WECSs) and high voltage direct current (HVDC) trans-
mission systems, have enabled the large-scale exploitation
of deep-sea wind energy [2]. Therefore, HVDC-connected
PMSG-based offshore wind farm which incorporates the
PMSG-based wind energy conversion system (WECS), the
ac collection grid, and the HVDC transmission system, as
shown in Fig.1, is a trend for offshore wind energy appli-
cations. Nevertheless, the interaction between PMSG-based
offshore WECSs, ac collection grid and HVDC transmission
system tends to cause severe sub-synchronous oscillation
issues, thus threatening the stable operation of the onshore
grid [3], [4]. As a result, there is an urgent need to inves-
tigate the sub-synchronous oscillation occurring in HVDC-
connected PMSG-based offshore wind farm.

In early investigations of sub-synchronous oscillation,
the literature mainly focused on the doubly-fed induction
generator (DFIG)-based WECSs, which have been widely
employed in onshore wind farms and early offshore wind
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farms [5], [6]. In recent years, some researchers have shifted
their emphasis to sub-synchronous oscillation associated
with PMSG-based WECSs [7], [8]. Although these studies
satisfactorily revealed the mechanism of sub-synchronous
oscillation associated with PMSG-based WECSs, they shared
a common limitation, i.e., most of them only focused on
the sub-synchronous oscillation occurring within the wind
farm thus neglecting the possibility of such oscillations being
transmitted to the utility grid through the HVDC transmission
system. Specifically, most of them only investigated the
sub-synchronous oscillation without considering the HVDC
link and onshore HVDC station dynamics, i.e., only the
left portion of the purple dashed line in Figure 1 was
considered. Therefore, it remains uncertain whether the sub-
synchronous oscillation occurring in offshore wind farm can
exert an impact on the onshore grid thorough the long HVDC
transmission cables.
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Fig. 1. Block diagram of the investigated system, which is composed of
PMSG-based WECSs, ac collection grid, and HVDC transmission system.

Two methods, i.e., impedance analysis [9] and modal
analysis [10], are commonly utilized to investigate the sub-
synchronous oscillation associated with wind power integra-
tion systems. Impedance analysis is characterized by the idea
of modularization. With this method, different parts of the
system are modeled as separate modules and assembled to-
gether on various ports [11]. Although impedance analysis is
an easy method to analyze interactive oscillation, it remains
challenging to present the detailed influence of elements
inside each module on the oscillation modes. For instance,
impedance analysis cannot present the detailed influence
of controller parameters on the sub-synchronous oscillation
mode. In contrast, modal analysis can address this issue.
With a more comprehensive and detailed system model,
participation factors that indicate the influence of elements
on the oscillation modes can be calculated.

Inspired by the above observations, in this paper, we
presents an comprehensive investigation of sub-synchronous
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oscillation occurring in HVDC-connected PMSG-based oft-
shore wind farm. To do so, firstly, in Section II, a com-
prehensive system model is developed, which incorporates
the dynamics of the PMSG-based wind energy conversion
system (WECS), the ac collection grid, and the HVDC
transmission system. Subsequently, in Section III, small
signal model of the comprehensive system is derived and
modal analysis is introduced. Based on the small signal
model, the critical system mode is obtained using modal
analysis in Section IV. Special attention is paid to the
influence of sub-synchronous mode on the onshore grid.
Moreover, the influence of controller parameters on system
mode is investigated, which facilitates the design of converter
controllers in HVDC-integrated PMSG-based offshore wind
farm. Additionally, the modal analysis results are verified
through time-domain simulations.

II. COMPREHENSIVE MODEL OF
HVDC-CONNECTED PMSG-BASED OFFSHORE
WIND FARM

In this work, the investigated system is shown in Fig. 1,
which is composed of PMSG-based WECSs, ac collection
grid, HVDC transmission system and onshore grid. In this
section, its comprehensive model will be developed.

A. Modeling of offshore PMSG-based WECS

As shown in Fig.1, offshore PMSG-based WECS com-
prises the blade, PMSG, and back-to-back converter. The
back-to-back converter is composed of machine side con-
verter (MSC), dc-link and grid side converter (GSC).

For offshore PMSG-based WECS, its overall model com-
prises the mechanical dynamic model and the electrical
dynamic model. For each i-th offshore WECS, its mechanical
dynamic can be described as

P, e,

dw, Ppi—Fe,
where J. is the combined inertia of wind blade and PMSG,
P, ; is the mechanical power captured by the blade, whose
dynamics can be found in [12], P, ; is the electrical power of
PMSG, w; is the rotor mechanical angular speed of PMSG.
The overall electrical dynamic model of the i-th offshore
WECS is composed of the electrical models of PMSG 1,
MSC ¢, dc-link i, and GSC ¢, which are typically formulated
in the dq reference frame.

Je

Offshore PMSG-based WECS i
Vici

Fig. 2. Block diagram of the PMSG-based WECS, together with its
controllers, (a) MSC controller, (b) GSC controller.

o FElectrical model of PMSG: When the direction of g-axis
is aligned with the voltage vector u, ;, the electrical model
of PMSG i is

d __ R -d Ld diii L4 -q
Ug i = flsls 4 + Ly dt — LgNpily
dif | 2)
q _ -q q__S5% d d ]
us,i - Rszs,i + Ls dt + Lsnpwlls,i + npwlwpm
— -q
P.;= 1.5npwi1/)pmzs)i

Here, zfl and i ; are the output stator current of the i-th

PMSG in dg-axis, uii and uZL are the output stator voltage,
R, is the stator winding resistance, L¢ and L are the dg-
axis inductances, 1, is the permanent magnetic flux, n,, is
the number of pole pairs.

e Electrical model of MSC: For the offshore WECS, the
transient dynamics of the MSC are much fast than electro-
magnetic and mechanical dynamics of the PMSG. In view
of this, the dynamics of the MSC can be neglected [13].
That is, u, = ub? and u?, = ul;. Here, X* represents
the reference value of X. In practice, the reference values
ugf and u’; are obtained from PI controllers of MSC, as
shown in Fig.2 (a). From this figure, the dynamics of the
MSC controller can be obtained, as follows

dep1 i d
AN L
dt it
d,* . .
uyy = Kp1,i(0 =il ) + K i1 — Lingwii?
dg027'
dtz =Pl — Pei

i = Kpoi(P; — Pei) + Kr2,i02, ®)

S,
des,i TR
dt R 5,1
ull = Kps (il —il,) + K303,

S,

d -d
+ Lsnpwizw + NpwWithpm

Here, ¢1,, ¢2,; and 3 ; are introduced intermediate vari-
ables, Kp1; and K, ; are the d-axis inner loop controller
parameters, Kps, and Kjo; are the g-axis outer loop
controller parameters, Kps; and Krs; are the g-axis inner
loop controller parameters.

e [Electrical model of dc-link: The resistance of the dc-
link can be omitted due to its short length. As a result, the
dynamics of the dc-link is mainly characterized by the filter
capacitor Cg. ;. Assuming the converters loss is negligible,
the dynamics of the dc-link can be represented by

Cdc,inc,i% = Pe,i - Pgsc,i (4)
dt

where Vg ; is the dc-link voltage, Py, ; is the output power
of the GSC.
o Electrical model of GSC: At the grid side of the GSC,
an inductor L. is typically employed to filter out the high-
order harmonics in output current. When the direction of
g-axis is aligned with the voltage vector ury ;, the dynamics
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of the inductor is

d digsc i iq d
ugsc,i = LQSC dt - Lgscwgsczgsc,i + uTl,i
g
q = __gser d q
U’gsc,i - LQSC dt + Lgscwgsczgsc,i + uTl,i
id a d
where ig,.; and i, ; are the GSC output current, ug,, ; and

ug . ; are the GSC output voltage at fundamental collection
grid frequency wgse, u%u and unl,i are the voltage of the
low-voltage side in transformer 7 ;. With these mathemati-
cal notations, the output power of the GSC Py, ; in (4) can

be calculated by
PQSCJ = ugsc,iigsc,i + ugsc,iigsc,i (6)
The transient of GSC, similar to that of MSC, can be
considered negligible. Consequently, only the dynamics of
the MSC controller is taken into account. Fig.2(b) illustrates
the block diagram of the GSC controller, which is designed
to achieve a zero reactive power of the GSC and maintain a
constant voltage of the dc-link. From this figure, we can get
the dynamics of the GSC controller, as follows

dey,; —0—qd

dt gsc,i
a i =Kpai(0—1dl K
ugsc,i - P4,i< - ngc,i) + 14,i%P4,i

.q d
- LQSCWQSCngc,i + Uy

des,i *
Tap o Vded Ve (7)
ifﬁifc,i = Kps,i(Viei — Viei) + Kr1s,i05.i
d(pﬁ,i _sGx _ sq
dt - ngc,i ngc,i

— (9 _ 54 A .
ugsc,i - KPG,Z(ngc,i ngc,i) + KIGJQDQZ
.d q
+ L!]SCWQSCZQSCJ + utl,i

Here, ¢4, @5, and g ; are introduced intermediate vari-
ables, Kps; and Ky, ; are the d-axis inner loop controller
parameters, Kps; and Kjs; are the g-axis outer loop
controller parameters, Kpg; and K¢ ; are the g-axis inner
loop controller parameters.

The mechanical dynamic model (1), together with the
electrical dynamic model (2) ~ (7), constitute the overall
dynamic model of the ¢-th offshore WECS.

B. Modeling of ac collection grid

In the investigated offshore wind farm shown in Fig.1,
an ac collection grid consisting of N feeders connects all
WECSs, thereby transferring the power captured by wind
turbines. Each WECS connects to the feeder via a step-up
transformer 71 ;. Using such an arrangement, the low-voltage
output of the WECS is stepped up to a medium-voltage level,
resulting in decreased power loss during the power collection
process.

The step-up transformer can be approximated as the ideal
one after its impedance is converted into the medium-voltage
feeder line. As a result, we have

Ucg,i = kluTl,ia Z'cg,i = Z.gsc,i/'lfl (8)

where k1 represents the transformer ratio of T ;, ucg,; is the
voltage of the high-voltage side in transformer 717 ;, icg; is
the the current of the i-th feeder.

Moreover, the dynamics of the medium-voltage feeder line
can be described as

did,

“Zg-,i - ch,ii?g,i + Leg,i dcig’l - ch,iwgscizg,i + Uchc
il

Udg i = Regiicg; + Lcw‘% + Leg iwgscitgi T Uhboc

(9)
Here, R.4; and L., ; are the equivalent resistance and
inductance of the i-th feeder, incorporating both the line
parameters and the equivalent parameters of the transformer,
uboo and ubo, are the voltage of the point of common
coupling (PCC).

C. Modeling of HVDC transmission system

The ac collection grid voltage upcc is stepped up to the
high transmission voltage by the step-up transformer 75, and
then the power is delivered to the utility grid via the HVDC
transmission system, as shown in Fig.3. In this subsection,
the HVDC transmission system model is constructed, which
is composed of three parts, i.e., offshore HVDC station,
HVDC link and onshore HVDC station.
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Fig. 3. Block diagram of the HVDC transmission system, together with
(a) offshore HVDC station equivalent model, (b) onshore HVDC station
controller.

o Offshore HVDC station model: After the impedance of
Ts is converted into the high-voltage side, the mathematical
relationship between upcc and ure can be expressed as

di¢
d -d HVDC
koupce = Rraiygvpe + Lre a4

q d
— Lrowgsclyy po + upe

di?
¢ _ q HVDC
kaupco = Rraigype + Lra—; (10)
) q
+ Lowgsciy pe + U
N N
y 1 4 1 g
1 = — (3 ) = — /3 .
HVDC k § : cg,i> "HVDC k E : cg,i
2= 2=

Here, ko represents the transformer ratio of 75, Rpo and
Lo are the transformer equivalent resistance and inductance
converted into the high-voltage side, i%., p and i%,, - are
the input current of offshore HVDC station.

The offshore HVDC station is operated with a control
system that regulates the amplitude and frequency of uro
to remain constant. To reduce the complexity of the model,
the offshore HVDC station can be represented by an ideal
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voltage source on the ac side and a constant power source
on the dc side, as shown in Fig.3(a). This simplified model
assumes ideal voltage and current conversion characteristics
for the offshore HVDC station and can effectively reflect its
basic features and performance [14].

e HVDC link model: On the dc side of HVDC transmission
system, two capacitors C}, are placed for dc-link filtering.
Additionally, the HVDC cables can be characterized by an
equivalent resistance and inductance. From these points of
view, the dynamics of the HVDC link can be described as

dVuvDC,0ff

Puvpc,efr = ChVavpco,ers T

+IgvpcVuvDC,off

ALy pe

Vuvpc,erf = Ruvpcluvpe + LHVDC’% (11)
dV; C,on
Puvpc,on = —ChVHVDc,on%

+IuvpcVuvbpe,on

Here, Pyvpc,ops is the output active power of offshore
HVDC station and can be calculated using Ppvpc,.off =
U%QidHVDC—‘rug«Qi%{VDC, VHVDC,off and VHVDC,on denote
the voltage at the offshore and onshore HVDC stations,
respectively, Iy pc represents the direct current flowing
through the transmission cables, Ryvpc and Lyypce are
the equivalent resistance and inductance of the transmission
cables.

e Onshore HVDC station model: At the grid side of the
onshore HVDC station, an inductor Ly pc,on is typically
employed to filter out the high-order harmonics in output
current. When the direction of g-axis is aligned with the
onshore grid voltage vector ug4, the dynamics of the inductor
is

d =L ng L -q d
UHVDC,on = LHVDC,on" g~ — LHVDC,onWglg +ug 12)
q d’ig d ;
Uy pce.on = LHVDC,0n T + LavDe,onWyly + ug

where iz and ¢! are the output current of the onshore HVDC
station, u%;,, DC.on a0 UGy pe , are the output voltage of
the onshore HVDC station at fundamental grid frequency
Wy, ug and u] are the grid voltage, which is assumed as an
ideal voltage source. With these mathematical notations, the
output power of the onshore HVDC station Pry pc,on in
(11) can be calculated by
Puvpc.on = ulil +ulil (13)
The transient of onshore HVDC station is assumed to be
negligible, similar to that of MSC and GSC. Therefore, only
the onshore HVDC station controller dynamics is considered.
Fig.3(b) depicts the block diagram of this controller, which
is designed to achieve a zero reactive power and maintain
a constant voltage of the HVDC-link. From this figure, we
can get the dynamics of the onshore HVDC controller, as

follows
deez
dt
ull%—R/DC,on = Kpr(0 — i) + K77

_n_4d
=0 ig

. d
- LHVDC’,ontZZ, + Ug
des
dr VHVDC,on — VHVDC,on
il" = Kps(Viry po,on — VHVDC,on) + Krsps
depg — 0 4
dt g g
q,% _ .q, .
ULy pe.on = Kpo(ig™ —id) + Kiopg
d
+ Luvpce,onwgiy + ug
(14)
Here, 7, pg and g are introduced intermediate variables,
Kp7 and K7 are the d-axis inner loop controller parameters,
Kpg and K7g are the g-axis outer loop controller parameters,
Kpg and K7g are the g-axis inner loop controller parameters.

III. MODAL ANALYSIS OF HVDC-CONNECTED
PMSG-BASED OFFSHORE WIND FARM

Upon completion of the HVDC-connected PMSG-based
offshore wind farm model, it is evident that the system
exhibits strong coupled and nonlinear characteristics, thereby
posing a significant challenge for stability analysis. To fill
this gap, in this section, small signal model is derived based
on the comprehensive model constructed in Section II. With
the small signal model, we can evaluate the capability of the
power system to recover an acceptable state of equilibrium
when subjected to small disturbances using modal analysis.

A. Small Signal Model of HVDC-connected PMSG-based
Offshore Wind Farm

The comprehensive model constructed in Section II can
be written in the vector-matrix notation, as follows

dx
dt

where x is the state vector, u is the control vector.
In this work, the offshore wind turbines are assumed
operating at the same condition. In other words, the vari-

ables of all offshore WECSs are identical, meaning that
[Wimis 1955 1250 @16, P24y 305 Vi, Pair P55 6.l
are equal to [w,,, %, i, 1, V2, @3, Vie, P4, ©5, @6)T-

With these notations, the state vector and control
vector of the investigated system are given as x =
[wm, %, i, @1, @2, @3, Ve, 04y ©5, V65 Yy Doy v Do
Vavpcerss Invpe, Vavpc.on, €7, s, @o, 1%, 1T
and u = [PF, Vj., Viiypc.onl > Where PF is the active
power reference of all offshore wind turbines.

By applying Taylor series expansion and omitting the
terms involving second and higher order powers of Ax and
Au, the first-order approximation of the investigated system,
i.e., small signal model, can be obtained, as follows

dAx

= f(x, u) (15)

(16)
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Here, A is the state matrix, B is the control matrix. Please
refer to [15] for more details about the derivation of the small
signal model.

B. Modal Analysis with Small Signal Model

Based on the linearized small signal model, the stability

of the investigated system can be studied using the modal
analysis. To facilitate the modal analysis, three major ele-
ments should be calculated, i.e., eigenvalue, mode shape and
participation factor.
e FEigenvalue: The eigenvalues of the state matrix A corre-
spond to the system modes. In this work, with n, = 20
state variables, the matrix A has ny, = 20 eigenvalues,
indicating the presence of n; = 20 modes in the investigated
system. For the k-th eigenvalue A\, = oy, +jwy, its imaginary
component wy, represents the frequency of the k-the system
mode, while the real component oy corresponds to the
damping. That is

e =wi/(27), Cp = —0ok/V o2 + wi?

Here, fi and (j, are the frequency and damping ratio of the
k-th mode.
The eigenvalues of the the matrix A can be calculated by

(18)

(17)

det(A — AI) = 0

where I is the ng X ng identity matrix.
Moreover, the right eigenvector ®; and left eigenvector
W, of A\ can also be derived, as follows

(A= \I)®), =0
(A= M\I) =0
U0, =1

(19)

Here, ®;. is the ng X 1 column vector, ¥y, is the 1 X ng row
vector.

o Mode shape: The mode shape is given by the right
eigenvector @, and describes the relative activity of the state
variables when a particular mode is excited. Specifically, the
degree of activity of the [-th state variable x; in the k-th mode
is determined by the [-th element of the vector ®; [15]. If
the magnitude of the [-th element of vector @y, is significant,
then the corresponding eigenvalue \; is one of the dominant
modes influencing the [-th state variable of the system.

e Participation factor: Opposed to the mode shape, the par-
ticipation factor p;; is a measure of the relative participation
of the [-th state variable in the k-th mode. The participation
factor can be computed using the following formula

ik = P Vit (20)

where @, is the [-th element of the right eigenvector @y,
Wy, is the [-th element of the left eigenvector Uy.

By utilizing the eigenvalues, it is feasible to determine
the critical system modes. Further, the degree of activity of
the state variables in these critical system modes can be
revealed with the mode shapes. Additionally, through the
participation factors, one can identify which state variables
have significant effects on the system modes.

IV. CASE STUDIES ON STABILITY ENHANCMENT
OF HVDC-CONNECTED PMSG-BASED OFFSHORE
WIND FARM

In this section, several sets of case studies are employed
to investigate the stability of the HVDC-connected PMSG-
based offshore wind farm. All case studies are implemented
in MATLAB and special attention is focused on the sub-
synchronous oscillation. The investigated system structure
diagram is shown in Fig.1 and the controllers diagrams are
presented in Fig.2 and Fig.3. To achieve the balance between
simulation speed and accuracy, all of the offshore WECS are
assumed operating at the same condition. The parameters of
the investigated system are listed in the Appendix.

A. Sub-synchronous mode in the investigated system

In this subsection, the stability of the HVDC-connected
PMSG-based offshore wind farm is investigated using the
modal analysis. Table Al and Table AII present the con-
trollers parameters, which are roughly tuned by trial and
error. The initial operating point of the investigated system is
set to P, ; = 3MW, V. ; = 5.4kV and Vv pe,n = 100kV.
Moreover, all the offshore WECSs are assumed to face the
same wind speeds, i.e., 11m/s.

The Eigenvalues of the investigated system are calculated
and listed in Table I. Each eigenvalue corresponds to a mode.
From Table I, we can see that there are four complex pair
of eigenvalues, i.e., \o&A3, \&As, A&7 and Ajg&Aqy,
which demonstrates that there are four oscillation modes in
the investigated system at its initial operating point. Among
all oscillation modes, the system mode corresponding to
A10& A1 is distinguished by the oscillation frequency of
23.36 Hz, a value that lies within the spectrum of sub-
synchronous oscillations. In view of this, this mode can
be identified as the sub-synchronous oscillation mode. The
aforementioned mode is also characterized by the minimum
damping ratio, i.e., 0.11, indicating that it may deteriorate
the stable operation of the onshore grid.

TABLE I
EIGENVALUES OF THE INVESTIGATED SYSTEM AT INITIAL OPERATING

POINT
Eigenvalues Values Fre((%_l;;)n <y Damping ratio
A1 —174.12 + 50 0 1
A& A3 —162.9445826.26 131.50 0.19
A &5 —102.9345286.50 45.60 0.34
As&A7 —86.45 + 534.83 5.54 0.93
A —48.01 + 50 0 1
Ag —37.43 4+ 50 0 1
Ato&A11 —16.34 £ j146.79 23.36 0.11
A12 —10.25 4+ 350 0 1
A13 —10.12 + 50 0 1
A14 —8.90 + 70 0 1
A5 —4.04 4 50 0 1
Ag ~ A0 (=1.5~0) 440 0 1

Fig.4 presents the mode shape of the investigated system
which elucidates the degree of influence of the k-th system
mode on the [-th state variable. Fig.4(b) illustrates the mode
shape of sub-synchronous oscillation, which is the critical
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mode with respect to the system stability. Fig.4(b) reveals
that the sub-synchronous oscillation indeed manifests itself in
the offshore WECS (i.e., x7 = V). Notably, such oscillation
also occurs in the HVDC transmission system (i.e., X13 =
VavDC,0ff» X14 = Invpce, and x15 = Vivpco,on) and
onshore grid (i.e., X9 = ig). From this point of view,
the sub-synchronous oscillation within offshore wind farm
can exert an impact on the onshore grid thorough the long
HVDC transmission cables. In other words, such oscillation
has the potential to introduce disturbances into the onshore
grid, thereby affecting its overall stability and reliability.
Therefore, it is imperative to carefully monitor and mitigate
these oscillations in order to ensure the smooth operation of
the power system.
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Mode shape
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ment dominates this particular oscillation mode. To accom-
plish this, in Fig.6, the participation factors are calculated
and presented, which indicate the degree of influence of the
l-th state variable on the k-th system mode. Considering
the fact that the sub-synchronous oscillation is the critical
mode, the participation factors of this particular mode are
further illustrated in Fig.6(b). From this figure, it is evident
that the sub-synchronous oscillation is most strongly influ-
enced by the 7-th and 12-th state variables, i.e., x7 = V.
and x12 = i, o, as they exhibit the highest relative
participation. Given that i}, is dependent to ac side
current of GSC .., and Vg is the dc side voltage of
GSC, the GSC in offshore wind farm plays a critical role
in dominating the sub-synchronous oscillation. Subsequently,
it is recommended to modify the parameters of the GSC
controllers to mitigate this particular oscillation mode. This
is going to be discussed in the next subsection.

0.6

iy

I
b

Mode shape
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State variable

(a) (b)
Fig. 4. Shape of (a) all system modes, (b) sub-synchronous mode.

To further verify the above findings, the time-domain
simulation is facilitated. To do so, at ¢ = 2.0s, the power
reference P for each offshore WECS is increased from
3MW to 3.3MW. The dynamics in offshore HVDC station
voltage and onshore HVDC station power are presented in
Fig.5. From this figure, we can see that after the step increase
of P}, both the offshore HVDC station voltage Vv pc,ofs
and onshore HVDC station power Py pc,on are increased.
Regrettably, in both the voltage and power dynamics of the
HVDC system, exponential-decaying sinusoidal waveforms
with a frequency of 23.64Hz are observed. These waveforms
are indicative of sub-synchronous oscillation, which have
been identified as a oscillation mode through the above
modal analysis, as shown in Table I. This is an undesirable
phenomenon that can adversely affect the performance of the
system. As a result, it necessitates taking an appropriate mea-
sure to mitigate its effects and ensure the reliable operation
of the system.
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Fig. 5. Dynamics in offshore HVDC station voltage and onshore HVDC

station power.

To obtain deeper insights into mitigating the sub-
synchronous oscillation, it is crucial to ascertain which ele-
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e

o

0 5 10 15 20
State variable
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Participation factor of (a) all system modes, (b) sub-synchronous

Fig. 6.
mode.

B. Influence of GSC controller’s parameters on sub-
synchronous mode

In this subsection, the influence of the GSC controller’s
parameters on the sub-synchronous mode will be investi-
gated. In fact, there are three Pl-based controllers in GSC,
i.e., d-axis inner loop controller, g-axis outer loop controller,
and g-axis inner loop controller. Since the two inner loops
are current loops which have already undergone open loop
tuning and demonstrated satisfactory performance, only the
influence of g-axis outer loop controller’s parameters on sub-
synchronous mode is investigated.

Fig.7 illustrates the eigenvalue loca corresponding to sub-
synchronous mode with different GSC controller parameters
Kps; and K5 ;. The blue line in this figure indicates that
with the decreasing Kps;, both the real and imaginary
components of the eigenvalue corresponding to the sub-
synchronous mode decrease in magnitude, and the imaginary
part decreases more significantly. This results in an increase
in the damping ratio of the sub-synchronous mode, thereby
enhancing the stability of the investigated system. Regret-
tably, we cannot continuously improve the system stability by
decreasing Kps ;. The reason lies in that when Kps ; is too
small, i.e., Kp5; < 0.079, some of the system’s eigenvalues
will move to the right-half plane, which means that the
system will diverge and become unstable. Considering that
the damping ratio of the sub-synchronous mode does not
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change significantly when Kps ; is in the range of 0.08 ~
0.1, the modified Kps; is chosen as 0.1.

Moreover, the orange line in Fig.7 reveals that as K75 ; de-
creases, the real component of the eigenvalue corresponding
to the sub-synchronous mode increases in magnitude while
the imaginary part remains almost constant. This also results
in an increase in the damping ratio of the sub-synchronous
mode, thereby enhancing the stability of the investigated
system. Analogously, we cannot continuously improve the
system stability by decreasing Kj5;. When Kiys; is too
small, ie., Kps; < 0.1, the damping ratio of the sub-
synchronous mode does not change significantly. From this
point of view, the modified K5 ; is chosen as 0.1.
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Fig. 7.  Eigenvalue loca corresponding to sub-synchronous mode with
different GSC controller parameters.

Table II lists the eigenvalues of the investigated system
with the modified GSC controller parameters. From this
table, we can find that with the modified GSC controller
parameters, the frequency of the sub-synchronous oscillation
mode decreases from 23.36Hz to 6.49Hz. Meanwhile, the
damping ratio of this critical mode increases from 0.11
to 0.35, indicating an improvement in the stability of the
investigated system.

increase of P, both the offshore HVDC station voltage
Vavbpce,ops and onshore HVDC station power Ppyv pc,on
are increased in a smoother way. This indicates that the sub-
synchronous oscillation is significantly suppressed.
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Fig. 8. Dynamics in offshore HVDC station voltage and onshore HVDC
station power with the modified GSC controller parameters.

V. CONCLUSIONS

This paper investigates the sub-synchronous oscillation
occurring in HVDC-connected PMSG-based offshore wind
farm. The key contributions of this paper are threefold

o For the first time, the sub-synchronous oscillation is
investigated with the modal analysis and the compre-
hensive model which incorporates the dynamics of the
offshore PMSG-based WECSs, ac collection grid and
HVDC transmission system.

o For the first time in the context of HVDC-connected
PMSG-based deep-sea wind farm, with the mode shape
technique, it is revealed that the sub-synchronous oscil-
lation within offshore wind farm can exert an impact on
the onshore grid thorough the long HVDC transmission
cables.

o With the eigenvalue and the participation factor, the
crucial controller parameters corresponding to the sub-
synchronous oscillation are identified and modified, thus
improving the stability of the investigated system.

TABLE II
EIGENVALUES OF THE INVESTIGATED SYSTEM AT MODIFIED OPERATING
POINT APPENDIX
TABLE Al
PARAMETERS OF THE PMSG-BASED WECS
Eigenvalues Values Fre(q}lIJ:)n <y Damping ratio
A1 —174.12 + Jjo 0 1 PMSG and back-to-back converter
A2& A3 —162.94:&:1826.26 131.50 0.19 PMSG rated power (MVA) 5
A& —102-93:‘:]286-50 45.60 0.34 Stator winding resistance Rs (mf2) 72.2
Ae& A7 —86.45 & 334-83 5.54 0.93 d and q axis inductance Lg, LI (mH) 2.6
Ag —48.01 + 350 0 1 Number of pole pairs np, 145
Ag —37.43 JF Jjo 0 1 permanent magnetic flux vpm (Wb) 10.28
A10&A11 —15.15 £ J4Q-80 6.49 0.35 Combined inertia J. (kgm?) 1.06 x 107
A12 —10.25 + JO 0 1 Nominal value of the dc link Vg, ; (kV) 5.4
A13 —11.65 + jO 0 1 Filter capacitor Cy ; (mF) 2
A4 —8.90 4 50 0 1 Filter inductor Lgs. (mH) 1
A1s —4.04 4+ 50 0 1 Number of the WECSs N 24
A6 ~ A0 (71.5 ~ 0) + 70 0 1 MSC controller
d-axis inner loop controller Kpi1i, Kr1, 04,4
The above findings are also verified with the time-domain g-axis outer loop controller Kpa ;, K2 ; 1x 1077,
. . . . . . —2
simulation. As the simulation setup in Section IV-A, the o ) woller K x 1'2% i 140
. . -ax1s 1mner 1oop controlier iy i Ay
power reference P for each offshore WECS is increased g}SC Controller P L D0
from 3MW to 3.3MW at ¢ = 2.0s. Fig.8 illustrates the d-axis inner loop controller K py ;, K. 5x10-2, 0.5
dynamics in offshore HVDC station voltage and onshore g-axis outer loop controller K'p5 ;, Kjs,; 1,05
g-axis inner loop controller Kpg ;, Kig,; 5x 1072, 0.5

HVDC station power with the modified GSC controller
parameters. From this figure, it is evident that after the step
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TABLE AIl

PARAMETERS OF THE AC COLLECTION GRID AND HVDC

TRANSMISSION SYSTEM

[5]

AC collection grid

[6]

[7]

Transformer ratio k1 30
Transformer equivalent resistance Ry (mf2) 7.9
Transformer equivalent inductance L7 (mH) 0.8
Nominal collection grid voltage upcc,n (kV) 35
Collection grid equivalent resistance R¢g,; (mf2) 305.4
Collection grid equivalent inductance L4 ; (mH) 5.5
HVDC transmission system
Transformer ratio ko 6.3
Transformer equivalent resistance Rpo (mf2) 55.4
Transformer equivalent inductance Lo (mH) 5.9
Filter capacitor C, (uF) 71
Nominal HVDC voltage Vv pco,n (kV) 100
Transmission  cables equivalent resistance 6.3
Ruvpc ()
Transmission cables equivalent inductance 147
Lyvpc (mH)
Filter inductor L gv po,on (mH) 9.4
onshore HVDC station controller
d-axis inner loop controller Kp7 ;, Ky7; 5x 102, 0.5
g-axis outer loop controller Kpg ;, Krs; 0.1, 04
g-axis inner loop controller Kpg ;, Ko ; 4,1
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