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Abstract—Wide-frequency range of resonances can occur in
HVDC-connected DFIG-based offshore wind farm (OWF), thus
induce large harmonic distortion or endanger system stability.
Previous studies usually treat OWF as a single-machine system
without considering the switching states of individual wind
turbines and collecting cables, or ignore the converter responses
to wind speed variation and generation control order. In this
paper, such factors are included in the modelling of OWF. Their
impacts on resonance frequency, amplification level and the
occurrence of negative damping are analyzed applying the
resonance mode analysis method. Harmonic stability and power
quality issues are demonstrated for the frequency range from
several Hz to a few kHz. Simulations in MATLAB/Simulink
validate the analytical results. Additionally, resonance damping
strategies are discussed regarding the identified resonances in
widely spread frequencies.

Index Terms—DFIG, HVDC, harmonic stability, power quality,
resonance mode analysis (RMA).

L INTRODUCTION

Resonance issues in converter-interfaced power systems
have attracted intentions in industry and academia for years.
For the application of HVDC connected OWF employing
DFIG-based wind turbines (WTs), the interaction among
converter-interfaced grid components and with other passive
grid components may introduce wide frequency range of
resonances. The stimulation of such resonances may cause the
violation of harmonic distortion limits as stipulated in IEEE
Std 519-2014 [1] or incur instability when under poor or
negative damping conditions. Possible consequences are the
tripping of turbines, blocking of HVDC converter, or physical
damages of sensitive grid components. Field experiences on
such issues are reported in [2]-[4].

When connected with HVDC transmission, DFIG-based
WTs are prone to sub-synchronous resonance (SSR) due to the
inductive and capacitive (LC) interaction at SSR frequencies
[5]. Damping of the SSR is typically low or negative due to
the negative resistance induced by the negative slip ratio of the
induction generator and converter controls [6]. For large-scale
OWFs, the widely distributed WT collecting cables have large
cumulative capacitive effect, thus strongly participate in the

resonances at hundreds or thousands of Hz [7]. Noted that the
risk of above resonances is susceptible to the variation of grid
topology and operating conditions [8], [9].

In recent years, impedance based methods have been
intensively applied in resonance analysis. Accurate impedance
model of DFIG incorporating double-loop PI control
dynamics, mirror frequency coupling and DC side dynamics is
built in [10], but the model has complicated analytical
representation. It has been proved that neglecting outer control
loop and DC side dynamics is acceptable for resonance studies
down to a few Hz [11]. Zong et al [12] try to build an accurate
impedance model for wind farm by considering a unified dq-
frame for all WTs, but the involved phase difference between
global and local reference frames varies with operating
conditions and needs to be identified each time when
operating point changes, thus make impedance methods lose
the advantage in convenience. Chen et al [13] compare
existing aggregation methods of wind farm and demonstrates
that neglecting the coupling between positive and negative
sequence impedances may not be effective for quantitative
stability analysis, but it is useful for identifying the resonance
points of wind farm and analyzing their risk qualitatively.
From the above, it is feasible for this work to simplify the
impedance modelling of DFIG-based WT and OWF while
maintaining their accuracy for resonance analysis.

Generally, Nyquist and Bode-plot methods are applied to
study resonances at the point of common coupling (PCC),
which requires equalizing a system into load and source
subsystems [14], [15]. Since the severest harmonic distortion
can occur at any bus of a system, simply investigating the
PCC condition is obviously not in favor of identifying
resonance source and developing mitigation strategies [16].
Therefore, this work adopts an impedance network method,
i.e. resonance mode analysis (RMA), to address the resonance
issues related to wind speed variation and grid topology
change. The locations where resonances can be most easily
excited are identified through bus participation factor analysis
[17]. Additionally, traditional impedance-based RMA only
evaluates the amplitude of modal impedance, this work also
uses the damping information embedded in phase angle or the
real part of modal impedance in assessing stability.
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The rest of this paper is organized as follows: Section II
introduces the investigated system and its small-signal
impedance modelling. Section III presents the impact of OWF
operating conditions on the risk of resonances and a
discussion on damping strategies. Section IV concludes the
work.

IL.

This paper investigates the resonances of an offshore grid
composed by a 400 MW DFIG-based OWF and a £150 kV
HVDC connection. Typical German offshore grid
configuration is adopted, as shown in Fig. 1 [2], [3]. On the
left side are two 33 kV collector systems, each gathering 40
WTs through 6 wind arrays, in which there are 2 arrays, each
consisting of 4 WTs, and there are 4 arrays, each consisting of
8 WTs. In the middle are two OWF platforms, which are
connected to the right-side HVDC platform through short 155
kV AC cables. This offshore system is connected to main
onshore grid through the HVDC link. Setup of collector cables
is given in Fig. 1. Cable data is estimated from ABB user's
guide for submarine cable systems [18], as presented in Table

SYSTEM DESCRIPTION AND IMPEDANCE MODELLING
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Fig. 1 Structure of the investigated system

Cable Type Cross section Length Electrical Parameters per km

1 150 mm? lkm R=0.16Q,L=041mH,C=0.21pF
2 240 mm? 1km R=0.098Q,L=038mH,C=0.24 pF
3 500 mm? 1km R=0.05Q,L=0.34mH,C=0.32pF

Since the series impedance of each cable section is small,
it is reasonable to assume that in-service wind turbines operate
under same conditions, i.e. with same terminal voltage and
current injection. Then to relieve computational burden, each
medium-voltage (MV) collector cable system is equalized into
a single cable applying the equivalent power-loss method [5],
[19]. Series impedance and shunt admittance of the adopted pi
model are represented by (1) and (2), where R L =~ and

m,n > m,n

C, , denote the parameters of the n™ cable section in array m,

M denotes the total amount of arrays, and N, denotes the
amount of WTs in array m. Parameters of the aggregated WT
are linearly related to power rating, which can be easily
obtained by dividing/multiplying wind turbine number, as
given in Table II. When the number of operating WTs varies
or grid topology changes, the aggregated models can be
adjusted accordingly.

M N, M 2
2
2 ()= 33 (kst) [(E0]
m=1 n=1 m=1
M N,
YmV (S) = Z SCm,n (2)
m=1 n=1
Aggregated WTs N, (quantity)
Rated Voltage / Power 950 V/ 5 MW N,
DFIG generator (pu) =0.023,L,=0.18,R =0.016,L, =0.16,L, =29
GSC side reactor (pu) &, =0.003, L, =0.3

Current controllers GSC: K, =0.83, K, =5, RSC: K/ =0.15, K; =2

Terminal filter 600 kvar- N, , Q=50 (quality factor)

Step-up transformer 5.5MVA-N,, , 0.95/33kV, u, =5%, u, =0.17%
Sampling period T.=5ps

Switching frequency 1600 Hz

PLL K, =16, K ;=50

TABLEII. PARAMETERS OF SINGLE OR AGGREGATED DFIG-BASED WT

Aggregated representation of the investigated system is
shown in Fig. 2, in which grid parameters and the control
blocks of DFIG converters and HVDC converter are included.
For DFIG-based wind turbine, there are two back-to-back
converters and an induction machine. Grid side converter
(GSC) controls DC side voltage, while rotor side converter

TABLE I. PARAMETERS OF COLLECTOR CABLES (RSC)  controls  rotor speed and reactive power.
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Fig. 2 Aggregated representation of the investigated HVDC connected DFIG-based OWF
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Typical double-loop PI controller are applied under

synchronous reference frame (SRF). Phase-locked loop is used
to synchronize WT terminal voltage with grid voltage.
Neglecting the slow outer loop control dynamics, DC side
dynamic and sequence-domain impedance coupling, the
positive and negative sequence impedances of GSC and RSC
branches are derived applying harmonic linearization [11], as
represented by (3) — (6), where

Hy(s)=K,+K, /s, Hi(s)=K_ +K;/s,
Gp(S):(S—j(Dr)/S . Gn(S)Z(S-‘rj(Dr)/S .

H, . (s)= Ko + Kipn /8 Hpy ()
o s 1+ U, Hy, (5)

U,, are the fundamental components of GSC terminal

T (s) =

1

el ?
current and voltage, and I, , U,

rl
components of RSC terminal current and voltage. Complete
impedances of the simulated WT, i.e. Zwr in both positive-and
negative-sequence as illustrated in Fig. 2, can be obtained by
solving parallel circuit impedance.

are the fundamental

For HVDC connection, two-level VSC based converters
are adopted here. Grid side VSC converter (GSVSC) controls
the voltage of DC link, and constant DC voltage is assumed
due to the connection with strong onshore grid. Wind farm
side VSC converter (WFVSC) is regulated with a single-loop
PI controller to maintain constant AC voltage for the
connected wind farm [15], [20], [21]. A fixed clock signal is
used to generate reference frequency for the regulated AC
voltage. Applying harmonic linearization [22], the AC side
sequence impedances of WFVSC as illustrated in Fig.2 can be
derived as

Rc + SLC - jKdemed (S - J(Dl)

Zoe (8) = i : (7)
VSL,p( ) 1+prmH\'(S_le)Gd(S—le)
7 (S) _ RC +SLC +jKdemed (S +j0)1) (8)
VSCon 1+prmHV(s+jm1)Gd(S+jcol)
where G,(s)=1/(1+1.5T;s) , H,(s)=K,+K,/s and K is

the gain of the PWM unit.

The derived analytical impedances of single 5 MW DFIG-
based WT and HVDC converter are validated through
numerical simulations, as presented in Fig. 3. As observed, the
analytical models of both grid components match their

1= G, (s + jo,) + Ty (s + jco]){Gd(s +jo)[ Hy(s+jo) + K, |1, 12+ U, /2}

simulation impedance responses well. The adopted two-level
WFVSC shows capacitive characteristic at sub-synchronous
frequencies, and such observations can be found for MMC-
based HVDC converter using the same control strategy [20],
[21], only not for the whole sub-synchronous frequency area.

5 MW wind turbine HVDC converter

60 60

positive
sequence

(O

Amplitute in dB

X
Y\\ negative positive negative

sequence sequence sequence
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Frequency in Hz Frequency in Hz

Fig. 3 Validation of sequence-domain impedance responses. Solid lines:
analytical models; Asterisks and circles: numerical simulation results

As for passive grid components, all cables are represented
by pi models, long-line correction is not needed due to the
short length of each cable section. Transformers are modelled
with short circuit impedances, and passive filter impedances
are calculated according to their capacities and quality factors
[20]. Additionally, the accuracy of the aggregated model of
MYV collector system is acceptable for resonance analysis, as
validated in [5]. Note that all passive grid components have
same positive- and negative sequence impedance models.

III. RESONANCE ANALYSIS

Based on the sequence impedances of each grid
component and the aggregation of MV collector system, the
three-phase test grid in Fig. 2 can be analyzed with its single-
line sequence-component circuits. Without losing generality,
this paper focuses on the resonances in positive-sequence
system. According to basic circuit theory, the 8-bus
impedance network in Fig. 2 can be formulated into an 8-
dimensional nodal admittance matrix ¥, (s) that relates the

voltages and currents of the buses from Bl to B8, as
represented by

IB] Y;] Y;Z i YIR UB]
IBZ _ Yv21 Y22 " )/28 UB2 (9)
IBS L }]81 Y82 Y88 | UBS

Yan(s)
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Inversing and decomposing ¥, (s) according to matrix

decoupling theory [17] yields the eigenvalue-based impedance
matrix, also called modal impedance matrix

Z. 0 .. 0
_ 0 Z )
Z,,(s)=T Y (s) T= . (10)
0 0o ... Z

m8

where T is the right eigenvector matrix of ¥, (s)f1 ,

Z

the frequency scanning to the obtained modal impedances.
The peaks in magnitude plot indicate resonances. When the
damping of a resonance mode is negative, i.e. corresponding
modal impedance with a negative real part, system stability is
at risk. The negative damping is also indicated in the phase
plot by a larger than 180° phase variation around resonance
frequency. For modal impedance with positive damping, a
larger peak value in amplitude plot means greater harmonic
amplification effect at resonance frequency.

Z_, to Z , are system modal impedances. Fig. 4 shows

ml?
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.
S

20

150 q

Phase in degree
o
3

2500

L
1000 1500 2000

Frequency in Hz

3000
Fig. 4 Frequency scanning to the modal impedances of the test grid

After obtaining resonance frequencies and impedances, the
most influential buses to each resonance mode could be
determined through eigenvalue decomposition [17], [24]. The
evaluation index is defined as participation factor (PF), as
listed in Table III.

damping at SSR frequencies [6], the buses B7 and B8 where
DFIG-based WTs are located have larger impact on the risk of
this SSR mode. For the 301 Hz, 413 Hz, 2120 Hz and the
2179 Hz resonance modes, the buses BS5, B6, B7 and B8 in
two MV collector systems have the largest PFs, thus are the
main resonance sources. For the 530Hz and 1026 Hz
resonance modes, the buses B2, B3 and B4 where 155 kV AC
cables are located play an important role, besides, the
switching harmonic filters of HVDC converter in bus Bl also
participate the 530 Hz resonance. Noted that the PFs in Table
IIT are only valid for the operating condition when all WTs are
in-service and generate full power.

A. Impact of WT Rotor Speed

WT usually works under the maximum power point
tracking mode. The variation of wind speed to a lower value
may cause WT output power decreases, and as follows, rotor
speed will be decreased from its nominal value (1.2 pu). This
behavior is included in the detailed DFIG model by following

(11)
as speed reference, where P denotes the feed-in active power
from WT [25]. The speed reference o, slowly tracks changes
in power P with a time constant of approximately 5 seconds.

o= — 067P +142P + 051

Fig. 5 shows the impact of rotor speed on the modal
impedances of the investigated system. Only SSR mode is
displayed as the influence on other resonance modes is not
observable. As rotor speed decreases, extra negative resistance
will be introduced into WT at SSR frequencies. When the total
resistance of the system becomes negative, SSR stability will
be endangered. This is what happens under the conditions of
rotor speed as 0.8 pu and 0.7 pu in Fig. 5. The larger than 180°
phase variation around the SSR frequency indicates a negative
part of the modal impedance at resonance frequency, i.e.
negative damping.

— — — Rotorspeed: 1.2 pu

Amplitude in pu

Imaginary part in pu

Modal JfwinHz 105 301 413 530 1026 2120 2179
Res. "~ |z inpu 57 31 78 128 59 45 49
Bl 25 3 5 14 0 0 0
B2 15 0 9 16 31 0 0
PF B3 15 11 9 15 31 0 1
n % B4 15 11 9 15 31 0 1
In %o B5 8 16 17 9 327 26
B6 8 16 17 9 327 26
B7 7 17 18 11 2 23 23
BS 7 17 18 11 2 23 23

Angle in degree

Real part in pu

TABLE III. PARTICIPATION FACTORS OF DOMINATING RESONANCE MODES

For the 10.5 Hz resonance mode, the buses B1, B2, B3 and

B4 in 155kV high-voltage side contributes mostly to the
formed LC resonance circuit, but as the source of negative

-200 20
© 0 A B O 0 N Qe X e

© 6 A B 9 0 N QB N B

Frequency in Hz Frequency in Hz

Fig. 5 Impact of rotor speed o, on system modal impedances

In order to validate this analytical result, simulation
models are built up in MATLAB/Simulink, where the DFIG
system is taken from the standard simulation model developed
by MATLAB [25], only the change of parameters and minor
modification of control structure are made. In time-domain
simulation, wind speed is varied from 15 m/s to 5 m/s at t=6 s.
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The variation of wind speed and outputs of the aggregated
wind turbine WT1 are shown in Fig. 6. Diverging oscillation
is observed when rotor speeds drops to be around 0.8 pu.
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Fig. 6 Time-domain simulation outputs of the aggregated wind turbine WT1

Furtherly, FFT analysis is conducted to the voltage of the
155 kV AC bus B2, which interconnects OWF and HVDC.
The results are shown in Fig. 7. Large SSR frequency
component is observed at the starting stage of the diverging
oscillation, and the mirror frequency component around 90 Hz
is seen in the frequency spectrum.
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n

i Lok

Time (s)

Fundamental (50Hz) = 0.9945
T

Mag (% of Fundamental)

0 i " | L anlll 1 . 1 L
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Fig. 7 FFT analysis to the voltage of 155 kV AC bus B2

Apart from the variation of wind speed, wind turbine
output power could also be changed when wind farm receives
a lowering power generation command from its superior level
control center, then as a consequence, rotor speed might be
regulated down and risk SSR stability.

B.  Impact of the Variation of In-service Wind Turbines

In real life wind farm, individual WTs can be disconnected
from grid by switching off their terminal breakers, or arrays of
WTs can be disconnected from grid at the 33 kV AC bus, as
shown in Fig. 8. Their impact on resonances will be addressed
in this section separately.

Cable Sec.1 Cable Sec.2 Cable Sec. N,

33 kv

Array 1 AC Bus

155 kv
AC Bus

Disconnect at
33 kV AC bus

Cable Sec.1 Cable Sec.2

HV Cable

Array m

Another
branch ~

Cable Sec.1 Cable Sec.2

Cable Sec. N
% % % Array 6

Fig. 8 Schematic diagram of WT disconnection at different locations

1) Disconnection of wind turbines at 33 kV AC bus

The change of wind array switching state can happen when
wind farm is started or stopped, or when a lower generation
control order is received from its superior level control center.
The impact on resonance is shown in Fig. 9. At SSR
frequencies, the phase variation around resonance frequency is
far less than 180° for each scenario, so the impact on SSR
stability is quite small. Besides, the amplitudes of modal
impedances are no larger than 10 for all scenarios, thus the
impact on amplification effect is neglectable. At frequencies
above 200 Hz, negative damping has not been observed for
each resonance mode, so only using the amplitude plot is
sufficient for evaluating resonance amplification effect. The
arrows in Fig. 9 b) indicate that as less wind arrays are
connected into grids, the two resonance modes at above 2 kHz
move from 2 kHz toward 3 kHz, the resonance mode at
around 1 kHz moves from 1100 Hz toward 900 Hz, and the
resonance mode at around 300 Hz moves from 300 Hz toward
400 Hz.

6 arrays:40 WTs

_____ 3arrays: 24 WTs

Amplitude in pu
Imaginary part in pu

Real part in pu

Phase in degree

© o A 9 0 N O D X e © o A 9 0 N O D N e
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a) At SSR frequencies
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Fig. 9 Frequency scanning of modal impedances when the number of
connected wind arrays are varied

Stimulation of the resonance at around 350 Hz is validated
by time-domain simulation. As shown in Fig. 10, after
switching off 5 of the 6 wind arrays in each MV collector
system at 4 s, the 350 Hz voltage component on 155 kV AC
bus is greatly amplified. According to the recommended
requirements on harmonic distortions in [1], the 350 Hz
harmonic component violates the limit of 1.5% of
fundamental value, and the total harmonic distortion (THD) of
the 155 kV AC bus voltage violates the limit of 2.5% of
fundamental value.

Switching time FFT window
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Fig. 10 Waveforms of the 155 kV AC bus voltage and FFT analysis

2) Disconnection of wind turbines at their terminals

Wind turbines can be disconnected from grids due to
maintenance, fault or wind curtailment reasons. By quite low
or high wind speed conditions, all WTs can be cut off from
grids. The disconnection of WT can be operated through
opening the high or low voltage side breakers of their 950 V /
33 kV step-up transformers or the breakers in RSC and GSC
branches, as shown in Fig.11. Opening transformer low-
voltage side breaker has almost the same effect as opening
transformer high-voltage side breaker, as transformer shunt
impedance of the excitation branch is far bigger than its series
impedances in the primary and secondary windings, there is
almost no current flowing into a transformer once one side is
opened.

Fig. 11 Single line circuit of the simulated DFIG-based WT

Assuming that the disconnection of WTs does not
influence the switching states of collector cables, then the
impact of the number of connected WTs on modal impedances
are shown in Fig. 12, both the situations of opening
transformer breakers and opening GSC and RSC branch
breakers are considered. Since their impact on the SSR
resonance mode is very small, it is not displayed in the figure.
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b) WT disconnected by opening GSC and RSC branch breakers
Fig. 12 Impact of the number of connected WTs on modal impedances

In case WT is disconnected from grid by opening one of
the transformer breakers, the scenarios of 80, 50, 20 and 6
WTs staying connected in grid are shown in Fig.12 a). When
only 6 WTs in the OWF staying connected, the resonance
mode at around 300 Hz moves to be around 350 Hz and have
a very sharp peak. The two resonance modes at above 2 kHz
move toward 1 kHz as the number of grid-connected WTs
reduces. When only 6 WTs is connected in grid, the large
resonance peak between 1400 Hz and 1500 Hz falls in the area
of the switching sideband frequency of HVDC converter
(1450 Hz), thus amplification of switching harmonics from
HVDC converter will happen. Stimulation of this resonance is
observed in time-domain simulation, as shown in Fig.13. Both
350 Hz and 1450 Hz voltage components violate the
requirements on distortion limits as specified in [1].

In case WT is disconnected from grid by opening GSC and
RSC branch breakers, as shown in Fig.12 b), the number of in-
service WTs has the greatest impact on the 301 Hz resonance
mode, while the impact on other resonances modes, especially
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those at above 1 kHz, are negligible. As the number of grid-
connected WTs decreases to be 50 or down to 20, the 301 Hz
resonance will be moved to be around 250 Hz, and the typical
5t order harmonic can be slightly magnified. Since the overall
amplification effect impact in this case is small, no simulation
result will be presented.

switching time FFT analysis
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Fig.13 Voltage and current waveforms of the 155 kV AC bus B2 and FFT
analysis

C. Discussion of Resonance Damping Strategies

If defining low frequency range as below 50 Hz, middle
frequency range as between 50 Hz and 800 Hz, and high
frequency range as above 800 Hz, then from the analysis of
Section III. A and III. B, it is found resonances can occur at
any frequency range. The resonance frequencies of low and
middle frequency range does not vary much as wind farm
operating condition changes, but the resonance frequencies of
high frequency range may moves down to 1 kHz or up to
3 kHz or higher.

Low and middle frequency resonances could be damped
by active controls of WT or HVDC converters [14], [26].
Since the switching frequencies of high power rating WT and
HVDC converters are usually not greater than 2 kHz, their
capability of controlling high frequency resonances are
limited, so extra active damper with higher switching
frequency could be used to address the high frequency
resonance issue [27]. The resonance detection capability of the
active damper in [27] makes it suitable for handling the
enormous variation of resonance frequency resulted from
operating condition change. Considering that the configuration
of active control in DFIG converters for damping low and
middle frequency resonances may involves dozens of WTs, it
is less attractive than the damping configuration in HVDC
converter. Therefore, the coordination of HVDC converter
damping control and active damper may be a feasible solution
for mitigating the resonances ranging from several Hz to a few
kHz.

IV. CONCLUSION

This paper presented impedance-based resonance analysis
for an exemplary DFIG-based offshore wind farm with HVDC
connection. Derived impedance models of DFIG-based wind
turbine and HVDC converter were validated through
numerical simulations. The aggregated model of medium-
voltage collector system is adjustable in reflecting the
variation of in-service wind turbines and switching states of
collector cables. The impact of different wind farm operating
conditions on resonance frequency, amplification level and the
occurrence of negative damping were analyzed applying the
RMA method. SSR stability and harmonic distortion issues
were demonstrated for the frequency range from 5 Hz to
3 kHz. Considering the involved wide frequency range of
resonances, the coordination of HVDC converter active
control and high-switching frequency active damper is
suggested to be used in mitigating the found resonances.
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