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Abstract—This paper presents modal analysis of a large
offshore wind farm using PMSG type wind turbines connected
to a VSC-HVDC. Multiple resonant frequencies are observed
in the ac grid of offshore wind farms. Their control is crucial
for the uninterrupted operation of the wind farm system. The
characteristics of oscillatory modes are presented using modal
analysis and participation factor analysis. Sensitivity of critical
modes to wind turbine design parameters and their impact on

closed loop stability of the system are discussed. A comparison
between a full wind farm model and an aggregated model is
presented to show differences in the characteristics of critical
modes observed in the models, and implication of using the
models for stability studies It is concluded that robust control
design is important for reliable operation of the system.

I. INTRODUCTION

Many countries are developing offshore wind farms of

several hundred MW capacity in order to meet their future

energy demand. These wind farms are being located far away

from the shore which makes HVDC transmission using voltage

source converter (VSC) a preferred option. The North Sea has

68 GW wind potential to be harnessed by six countries [1]. So

meshed HVDC is a suitable choice. The offshore ac system in

such cases is a local synchronous system connecting hundreds

of wind turbine generators (WTGs) and the VSC intake point.

The wind farm systems are reported to contain multiple res-

onance modes in the collector network [2] that can cause oper-

ational issues. The number of modes and their characteristics

can vary as the operating configurations changes for several

reasons such as: prevailing wind speed, wind direction, wake

effect, availability of individual WTGs for maintenance, and

the energy requirements from the main grid. The impedance

of the system and the number of WTGs present at an instant

determine the characteristics of electrical oscillatory modes.

A detailed harmonic analysis of the wind farm system

can provide insight about the electrical oscillatory modes [3].

This requires detailed harmonic model and relevant data from

the WTG and VSC manufacturer. However, the harmonic

characteristics of the devices may not remain constant and

can vary with operating conditions [3], [4]. Some of the recent
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works reported on the interaction of wind turbines and HVDC

converters use aggregate modelling of wind farms [5], [6], [7],

[8], [9]. The aggregation can reduce computation time but may

misrepresent some of the important characteristics of the wind

farm modes.

In this paper, a modal analysis of the wind farm using

detailed representation of its components is carried out to

understand the nature of dynamic interaction. The model is

useful to investigate the characteristics of different oscillatory

modes present in the wind farm system. A sensitivity analysis

is conducted to assess stability of the wind farm system to

changes in WTG design parameters, which is not possible

using traditional harmonic method.

A 630 MW wind farm system model using permanent mag-

net synchronous generator (PMSG) type WTGs having close

resemblance to practical wind farm system is considered in this

paper. The details of the wind farm and modelling aspects of

different wind farm components are discussed in Section II and

Section III, respectively. Sensitivity studies for critical modes

against WTG design parameters such as Grid Side Converter

(GSC) controller, Phase Locked Loop (PLL) and filter are

conducted for deeper understanding and control solution of

the resonance problem. Section IV presents different designs

for GSC controller, PLLs and the filter that are used for the

modal analysis and sensitivity analysis. Section V presents

modal analysis of a single machine infinite bus (SMIB) test

system, and establishes characteristics of various oscillatory

modes. In the wind farm many WTGs are accumulated to

form a string, many strings forms an area, and four areas

form the wind farm system. The Section VI discusses the

evolution of modes as the complexity of system changes. Four

critical modes are selected from the wind farm system for

detailed analysis that is presented in the Section VII. Section

VIII discusses design of a VSC controller for the wind farm

system and shows how different WTG designs affect closed

loop stability of the wind farm using eigenvalue analysis and

dynamic simulation. Differences between characteristics of

oscillatory modes obtained from a full wind farm system and

an aggregated model is presented in Section IX.

II. DESCRIPTION OF A WIND FARM

A model wind farm system shown in Fig. 1 comprises of

two wind farms, Wind Farm-1 (WF1) and Wind Farm-2 (WF2)

with capacity 465 MW (93x5MW) and 165 MW (33x5 MW),

respectively. It is divided into four areas, A1 to A4: A1 and

A2 are part of WF1, whereas A3 and A4 are part of WF2.
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Fig. 1: Layout of the wind farm system

The wind farms use PMSG type WTGs interconnected using

a network of 33 kV collector cable strings. A circle in Fig.

1 represents a WTG and its WTG transformer. Four shades

are used in the circles to distinguish WTGs of different areas.

Five to ten WTGs are connected using 33 kV cable sections to

form a string. Many strings are connected to low voltage side

of 33/132 kV wind farm transformer (WFT). The distance of

each 33 kV sections is assumed to be 1 km. Three 132 kV

cables of 30 km length connect the WFTs to the point of

common coupling (PCC) where the VSC of the HVDC line

is located. All the cable parameters are available in [10]. For

the purpose of this analysis, the HVDC system is represented

using a VSC, which is modelled using a converter voltage

behind an impedance and a controller which regulates the PCC

voltage magnitude by controlling the converter voltage. The

DC side of the HVDC line is not modelled as the main focus

of this paper is on the analysis of wind farm collector system

modes.

III. MODELLING OF WIND FARM

A detailed model of the wind farm system is developed us-

ing the Matlab/ Simulink platform. The PMSGs, transformers,

cable sections, VSC, and VSC controller are represented in the

program without resorting to aggregation techniques in order

to preserve all oscillatory modes in the collector system.

A. Modelling of PMSG based WTG

Fig. 2 shows PMSG configuration used in this study. A

model of PMSG comprises of equations representing the back

to back converter, generator, generator-turbine mechanical

dynamics, turbine aerodynamics equation relating wind speed

to mechanical torque, and blade pitch angle controller. The

circles in Fig. 1 corresponds to all components in Fig. 2

except the impedance between Bus 2 and Bus 3 which is

used to form a single machine infinite bus (SMIB) test system.

The WTG uses an LCL filter which is widely used in wind

turbines to remove switching frequency components. The R-L-

C parameters of WTG transformer and infinite bus impedance

at 5 MVA base are 0.0077-0.0665-6.8e-5 (p.u.) and 0.015-

0.15-0.010 (p.u.), respectively.

1) Representation of PMSG: The PMSG in d-q syn-

chronous reference frame is represented using (1-5)

Ld
spi

d
s = −eds + Lq

si
q
sωr −Rsi

d
s (1)

Lq
spi

q
s = −eqs − Ld

si
d
sωr + φpmωr −Rsi

q
s (2)

Ps = eqsi
q
s + edsi

d
s (3)

Qs = eqsi
d
s − edsi

q
s (4)

Te = iqs(φpm + (Lq
s − Ld

s)i
d
s) (5)

where, p = d/dt. Parameters Ls, Rs, and φpm represent stator

inductance, stator resistance and rotor flux of the generator,

respectively. Variables es, is, ωr, Ps, Qs, and Te are voltage,

current, rotor speed, stator active power, stator reactive power

and electrical torque produced in the air gap, respectively.

Superscripts q and d indicates that the respective parameters

refer to the quadrature and direct axes, respectively.

The output of the generator is fed to a back to back converter

formed of a machine side converter (MSC) and a grid side

converter (GSC). Together they convert a low frequency ac

voltage to 50 Hz voltage. The dynamics (switching level)

the converters are much faster than the electrical dynamics

considered in this study. Hence for fundamental frequency

modelling, simplified model (space vector dq model) of con-

verter is considered such that the output voltage of converter

is equal to target voltage demanded by converter controller.

Dynamics of the converter capacitor voltage is expressed as,

Cpvdc = (Ps − Pi)/vdc (6)

where Pi is output of GSC, and vdc is capacitor voltage.

It is reported in many literatures and also found in this study

(Section V) that the back-to-back converter divides the system

into two such that the oscillatory modes have participation

only from the states located at one of the two sides [11].

For example, oscillatory modes with participation from states

related to the collector system show no participation from

states related to the generator or turbine, and vice versa.

Hence, for the analysis of modes in the collector system, the

explanation of generator, turbine and MSC controller models

are not included. The MSC controller as shown in Fig. 2

is similar to GSC controller, which is described in the next

subsection. Moreover many literature [10], [11] describe the

turbine and generator modelling in detail.
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Fig. 2: PMSG SMIB system

Fig. 3: Simplified block diagram of the PLL system

2) Representation of GSC: Neglecting fast converter dy-

namics the output of GSC controller (v∗g ) is assumed as

the output of GSC (v∗g = vi). The GSC controller in Fig.

2 has two cascaded PI loops in q and d axis with feed

forward term to improve transient response of the system.

The outer q-axis PI controller regulates capacitor voltage such

that active power produced by the PMSG is transferred to the

grid. The outer d-axis PI controller regulates reactive power

output of the WTG measured at the high voltage terminal of

the WTG transformer to a predefined reference value. The

inner PI controllers are fast current controllers which generate

reference converter voltage. A phase locked loop produces the

phase angle reference for the controller to keep it synchronised

with the grid. A structure of the PLL [12] is shown in Fig. 3.

For clarity of presentation, the states inside the GSC con-

troller are named as, gscyx, where x = p if the state is located

in the active power or capacitor voltage control loop, x = q if

the state is located in the reactive power control loop, y = in
if it is in the inner PI controller, and y = out if it is in the

outer PI controller. The states associated with PLL are named

as PLLint, PLLpi, and PLLrsvr for states representing the

integrator, the PI controller and the resolver, respectively.

3) Representation of LCL filter: Equations (7) - (9) repre-

sent the LCL filter in the D-Q reference frame where D-axis

leads Q-axis.

Li

ωb

pii = vi − vcf − (Ri +Rcf )ii + TωLiii +Rcf ig (7)

Lg

ωb

pig = vcf − vg − (Rg +Rcf )ig + TωLiig +Rcf ii (8)

Cf

ωb

pvcf = ii − ig − TωCfvcf (9)

where ii = [iQi , i
D
i ]

′, ig = [iQg , i
D
i ]′, vi = [vQi , v

D
i ]′,

vg = [vQg , v
D
g ]′, and vcf = [vQcf , v

D
cf ]

′ are inverter side inductor

current, grid side inductor current, inverter output voltage,

filter output voltage, and filter capacitor voltage, respectively

and matrix T is given by T = [1, 0; 0,−1]

B. Representation of Transformers and cables

Components such as cables, transformers, WTG GSC side

filter, and VSC converter impedance are distinctly different

in terms of their construction, size and role. However, for the

dynamic simulation of a balanced system, they are represented

using a R-L-C Π section. When connected in series, it is

equivalent to connecting several Γ sections as in Fig. 4.

Differential equations representing a Γ section are given in

(10)-(11).

Fig. 4: Γ section representing cable, transformer and converter
impedance
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L

ωb

piL = vs − vr −RiL + TωLiL (10)

C

ωb

pvs = i− iL − TωCvs (11)

The subscripts, s, and r stand for sending end, and receiving

end, respectively, and the current and voltages are marked in

the Fig. 4. Also iL = [iQL , i
D
L ]′, i = [iQ, iD]′, vs = [vQs , v

D
s ]′

and vr = [vQr , v
D
r ]′.

C. Representation of VSC Controller

VSC transfers energy from the wind farm network to DC

line, and controls voltage and frequency at the PCC [13].

For a fundamental frequency modelling such as this work,

the only feedback loop required for the VSC is the voltage

magnitude as the frequency and phase angle are predefined.

The PCC voltage is compared with a reference voltage and

fed to an VSC controller as shown in Fig. 1. Neglecting

converter dynamics the output of the controller is assumed

as the converter voltage.

IV. DESIGN OF LCL FILTER, PLL AND GSC CONTROLLER

This section explains design of LCL filter, PLL and GSC

controller using the SMIB test system which have been used in

the wind farm modelling. More than one designs are prepared

for each of the components in order to study the sensitivity

of design parameters on the oscillatory modes in the SMIB

system and wind farm system.

A. Design of LCL Filter

An LCL filter which has small dependence on the grid

parameters, better attenuation, and capability to limit inrush

current is used to smoothen the output voltage. However it

brings resonance problem that requires a passive damping

resistance contributing to filter power losses. Many literature

describes design of LCL filter and two designs (LCL-1 [14]

and LCL-2 [15]) are presented in this paper for comparison.

Both methods are similar but provides different parameters

and are used to analyse the sensitivity of LCL design on the

wind farm dynamics.

Let assume base MVA, base voltage, base frequency, con-

verter capacitor, and converter switching frequency as Sb= 5

MVA, Vb = 1 kV, ωb = 2π50, Vdc=4.8 kV, and fsw = 5 kHz,

respectively. Using these assumptions the base impedance,

base inductance and base capacitance are calculated as Zb =

0.2 Ω, Lb= 0.64 mH , and Cb = 15900 µF , respectively.

1) LCL1: Inductance at the converter side, Li and the grid

side, Lg are selected as 5 % (Li=31.8 mH) and 0.15 %

(Lg=0.95 µH), respectively. Considering 6.65 % transformer

inductance, total inductance at grid side is 6.8%. Assuming

5% capacitance, corresponding resonance frequency is 1.317

kHz which is in the acceptable range, between ten times line

frequency and one half of the switching frequency (assuming

5 kHz switching frequency). The damping resistance, Rcf , is

calculated as one third of the impedance of capacitance at

resonance frequency which is equal to 0.055 Ω.
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Fig. 5: LCL filter bode of transfer function ig/vi

2) LCL2: Assuming 20% ripple reduction in the inverter

side inductor, Li = 0.663VdcVph/(pnfsw) is calculated as

11.5% (Li=0.073 mH), where Pn = 5 MW. For 2% output

current ripple, ratio between inductances is assumed as six that

gives total output inductance Lg + Ltr=0.044 mH or 6.9%.

Assuming 5% capacitance, corresponding resonance frequency

is 1.075 kHz which is in the acceptable range. The damping

resistance, Rcf , is calculated as 0.062 Ω. Fig. 5 shows bode

diagram of the transfer function ig/vi for both the designs.

B. Phase Locked Loop

PLL is used to synchronise the WTG to grid through

detection of positive sequence voltage phase at fundamental

frequency [12], [16]. The PLL structure used for developing

WTG model is shown in Fig. 3. It contains a resolver delay,

Kr = 1/(1 + sTr), which depends on the method used to

calculate q and d axis voltages from three phase voltages.

The PLL locks by driving the q-axis term to zero using a PI

controller. The output of the PI controller is a frequency term

which is integrated to obtain phase angle.

TABLE I: Parameters of different PLLs

Name Tr (msec) Kp Ki Bandwidth (Hz)

PLL-1 5 81 2722 21.8

PLL-2 10 40 680 10.9

PLL-3 20 20 170 5.4

One of the objectives of this paper is to discuss influence

of PLL response in the wind farm oscillatory modes. Hence

three designs of PLL are prepared for three different values

of resolver delay, Tr = 5msec, 10 msec, and 20 msec. For

clarity of presentations the PLL designs are named as PLL-1,

PLL-2, and PLL-3. Table I lists PI controller parameters and

bandwidth obtained for each of the designs. The step response

of the PLL is shown in Fig. 6 for comparison.

C. GSC controller

The SMIB test system shown in Fig. 2 is used for the

controller tuning. The GSC controller tuning involves finding

parameters of four PI controllers. The cross coupling terms

(Lf id and Lf iq) are assumed as exogenous input during this

process, where Lf = Li +Lg. The inner current control loop

is tuned for a bandwidth of 100 Hz.
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Fig. 7: Step response of GSC (a) reactive power and (b) capacitor
voltage control loop

The outer loops are generally tuned one decade slower than

inner loop. Fig. 7 shows step response of the controller for

10 Hz bandwidth. However, in order to study the sensitivity

of the GSC controller parameters on the wind farm oscillatory

modes, three designs, GSC-1, GSC-2, and GSC-3, are prepared

considering the outer loop bandwidth 5 Hz, 10 Hz and 20 Hz,

respectively. The LCL-1 parameters are used for these designs.

Another GSC controller, GSC-4 is prepared with 10 Hz outer

loop bandwidth for the system using LCL-2. The parameters

of the GSC PI controllers are listed in Table II.

TABLE II: PMSG GSC controller parameters

Case Inner Loops Outer Q loop Outer Vdcloop
Kp Ki Kp Ki Kp Ki

GSC-1 0.3 200 0 -31 -11.5 -268

GSC-2 0.3 200 0 -62 -22.5 -872

GSC-3 0.3 200 0 -116 -38.5 -3489

GSC-4 0.45 290 0 -61 -20 -977

D. Modal Analysis Tools

The wind farm model discussed in this paper is programmed

using MATLAB/Simulink software. The linearised model of

the system under a steady state operating condition is obtained

using the command linmod [17], which returns state matrix A,

input matrix B, output matrix C, and feedforward matrix D

of the linearised system. The eigenvalues {λi = σi ± jωi}n1 ,

right eigenvector φi, and left eigenvector ψi of A, are

obtained using eig command in the Matlab. The frequency

and % damping ratio of a mode (λi) are found using the

relations, f = ω/2π and ζ = −100σ/
√
σ2 + ω2, respectively.

The relative participation of kth state variable in ith mode

pfki is given as pfki = (|φik||ψki|)/(
k=n∑

k=1

|φik||ψki|). While

presenting the results in the following sections, normalised

participation factor (NPF = pfki/max(pfki)) is used.

V. ANALYSIS OF THE SMIB SYSTEM

This section discusses the characteristics of oscillatory

modes in the SMIB system shown in Fig. 2, and the sen-

sitivity of the modes to selected LCL filters, PLLs and GSC

controllers. Apart from the GSC, PLL and LCL states, the

SMIB system contains the following states: WTG transformer

current states (iDtr and iQtr), Bus-2 voltages states (vDb2 and vQb2),

and transmission line current states ((iDtl and iQtl ). A superscript

‘m’ is used with the states of PLL at the MSC to differentiate

it from the states of PLL at the GSC.

Eleven pairs of complex eigenvalues are observed in the

SMIB test system. Two of them have frequency in the range

of MHz due to 1 nF stray capacitance assumed for the WTG

transformer, and another two have frequency 3.4 kHz with

participation from the WTG transformer and transmission line

states. All the four modes are insensitive to WTG parameter

variation.

The frequency and damping ratio of the rest of the seven

modes are listed in Table III for different combinations of

LCL, PLL and GSC controller parameters. The cases in

Columns 2, 5, and 8 are the same. The modes are classified

based on the states participating in the modes and their NPF.

The states participating in the mode along with corresponding

NPF (in bracket) for the combination LCL-1, PLL-2, GSC-2

are listed in the Table IV.

The modes E1 and E2 are collector system modes having

frequency around 1 kHz. They have participation from the

states of the transformer, the transmission line and the LCL

filter. The modes E3 and E4 have participation from the states
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TABLE III: Critical oscillatory modes of the SMIB test system for different combination of LCL, PLL and GSC controller parameters. The
frequency in Hz and damping ratio in % (in bracket) are listed.

LCL-1 LCL-2 GSC-1 GSC-2 GSC-3 PLL-1 PLL-2 PLL-3

PLL-2,

GSC-2

PLL-2,

GSC-4

PLL-2,

LCL-1

PLL-2,

LCL-1

PLL-2,

LCL-1

LCL-1,

GSC-2

LCL-1,

GSC-2

LCL-1,

GSC-2

Modes Frequency - Hz (Damping Ratio - %)

E1 1126 (11) 859 (8) 1126 (11) 1126 (11) 1126 (11) 1126 (11) 1126 (11) 1126 (11)

E2 1019 (12) 744 (9) 1019 (12) 1019 (12) 1019 (12) 1019 (12) 1019 (12) 1019 (12)

E3 95 (34) 95 (39) 94 (36) 95 (34) 97 (31) 95 (34) 95 (34) 95 (34)

E4 56 (29) 63 (36) 54 (34) 56 (29) 58 (21) 53 (29) 56 (29) 56 (29)

E5 5.1 (53) 5.4 (50) 3.3 (48) 5.1 (53) 11.3 (56) 5.8 (54) 5.1 (53) 5.5 (61)

E6 5.4 (77) 5.9 (72) 5.2 (74) 5.4 (77) 4.8 (70) 10.2 (78) 5.4 (77) 2.3 (68)

E7 93 (36) 93 (36) 93 (36) 93 (36) 93 (36) 191 (21) 93 (36) 39 (64)

of the GSC controller and the participating states are located

mostly in the GSC controller alone.

For E5 in the LCL-1, PLL-2, GSC-2 case the state PLLint

has highest participation and NPF from the GSC states gscoutp

and vdc follows. But for all the other cases, the NPF of the

mode E5 from GSC states are higher. The mode E8 have

higher participation from states of PLL and it is consistent

for all the selected cases.

The mode E7 has participation from the states of PLL at

MSC, and PMSG stator currents. The damping and frequency

of the mode is affected by choice of PLL at MSC, and not by

changes in the parameters at grid side of the converter. The

damping of the mode is sufficient for stable operation under

all the selected cases. Another important observation is that,

none of the oscillatory modes has participation from states

located at both sides of the back-to-back converter, meaning

the back-to-back converter effectively blocks the oscillations

from one side to another. Hence, for further discussions in this

paper, the modes located at machine side of the converter are

not considered.

TABLE IV: Participating states and corresponding NPF of the SMIB
system modes

Modes States and corresponding NPF in bracket

E1 vDcf (1.0), vDcf (0.98), iQi (0.86), iDi (0.84),

iQtl (0.17), and iDtl (0.17)

E2 vDcf (1.0), vDcf (0.98), iDi (0.85), iQi (0.84),

iDtl (0.16), iQtl (0.15)

E3 gscinp (1.0), iQtl (0.95), iDtl (0.92),gscinq (0.85)

iQtr (0.42), iDtr (0.39), iQi (0.31), iDi (0.29)

E4 gscinq (1.0), gscinp (0.93), iDtl (0.38),

iQtl (0.28), gscoutq (0.18), iDtr (0.15),

iQtr (0.12), vdc (0.13), iDi (0.1)

E5 PLLint (1.0), gscoutp (0.75), vdc (0.72),

PLLrsvr (0.44), PLLpi (0.38), gscoutq (0.19)

E6 PLLint (1.0), PLLrsvr (0.8), PLLpi (0.38),

gscoutp (0.25), vdc (0.22), gscoutq (0.17)

E7 PLLm
int (0.95), ids (0.43), iqs (0.2), PLLm

rsvr(1.0)

Comparing frequency and damping ratio of the modes for

all the selected cases, the system is found to be very stable.

In the remaining part of this paper, the WTG using these

parameters is used in a full wind farm system to analyse

resulting oscillatory modes in it. However, before considering

the full wind farm system, the following section presents

evolution of critical modes with accumulation of many PMSGs

and collector strings.

Fig. 8: Representation of a string, an area, four areas connected to the
PCC and four areas connected to infinite bus through VSC impedance

VI. EVOLUTION OF MODES WITH SYSTEM COMPLEXITY
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Fig. 9: Subsystems’s oscillatory modes in the 500 Hz to 2.5 kHz
range

Analysis of four wind farm subsystems such as a string,

an area, four areas and the full wind farm system without

VSC controller, are discussed in this section. The boundary of

the subsystems are marked in Fig. 8. The subsystem modes

have frequency ranging from Hz to several MHz. Very high

frequency modes are excluded from the discussion. Fig. 9, Fig.

10, Fig. 11, and Fig. 12 show modes of the four subsystems in

four different frequency ranges: 500 to 2500 Hz, 100 to 500
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Hz, 10 to 100 Hz, and 1 to 10 Hz, respectively. Each figure

has four sub figures corresponding to four sub systems.
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Fig. 10: Subsystems’s oscillatory modes in the 100 Hz to 500 Hz
range

The string subsystem contains ten WTGs and nine cable

sections. All modes of the string subsystem are stable. The

area subsystem contains 47 WTGs, a WFT and many 33 kV

collector cable strings. The majority of the area subsystem

modes are close to the string subsystem modes. However,

couple of modes in each of the frequency ranges are shifted.

This is due to the higher impedance of the WFT. Similarly,

for the remaining two subsystems the few modes are distinct.
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Fig. 11: Subsystems’s oscillatory modes in the 10 Hz to 100 Hz range

As many WTGs and collector strings are accumulated, some

of the modes shifts towards poor damping region. One such

case is where the two modes with frequency close to 300

Hz and 200 Hz in the Fig. 10(d). They are named M1 and

M2, respectively. These modes were part of the above 500

Hz frequency range, and shifted down due to the higher

impedance of the VSC. Characteristics of these modes are

discussed in the Section VII.

Similarly, a mode, named M3, with negative damping

appears near 20 Hz region in Fig. 11(d) and another one,

named M4, with poor damping appears near 5 Hz region in
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Fig. 12: Subsystems’s oscillatory modes in the 1 Hz to 10 Hz range

Fig. 12(d). The sub figures in each frequency range tracks the

evolution of modes as the WTGs and cables are accumulated.

The next section describes characteristics and sensitivity of the

critical modes (M1-M4) in detail.

VII. CHARACTERISTICS OF CRITICAL MODES

This section will focus on the full wind farm system as

shown in Fig. 1 but without including the VSC controller.

Such a system without the controller will not exist in practice

but will help in this study to characterise the critical modes

before designing the controller and get insight of the sensitivity

of the modes to PMSG parameters. Four critical modes listed

in Table V are selected for detailed analysis .

A. Participation factor analysis

The discussions on participation factor analysis use the

results obtained using LCL-1, PLL-2 and GSC-2 combination

in the PMSG . Frequencies of two of the modes, M1 (301.6

Hz) and M2 (214.1 Hz) are close to the harmonics of the

power frequency. The states participating in these modes and

corresponding NPF are listed in Table. VI and Table. VII,

respectively, and it is evident that all the states participating

in these modes are related to collector system components

of the wind farm. No significant participation is observed

from the PMSG states and their damping ratios are sufficient

considering the frequencies for stable operation.

Table VIII lists the states and NPF of the mode M3 which

has frequency 21.4 Hz and damping ratio -11.5 %. Large share

of participation of M3 is taken by two states iDvsc and iQvsc
which are related to VSC impedance. The other states, from

collector system and PMSG GSC controller, gets significantly

lower proportion of NPF. Participation from gscinp , vdc, gsc
in
q ,

and gscoutq of all the PMSGs in the wind farm is observed.

However, what is interesting to note is that when the states

related to PMSG have participation, though it is in smaller

proportion, states from all the PMSGs are involved. This

points towards a collective effort which suggests that PMSG

controller parameters may influence the characteristics of the

mode M3. Sensitivity analysis presented in the next section
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TABLE V: Frequency and damping ratio of the critical modes in the wind farm system without VSC Controller

LCL-1 LCL-2 GSC-1 GSC-2 GSC-3 PLL-1 PLL-2 PLL-3

PLL-2,

GSC-2

PLL-2,

GSC-4

PLL-2,

LCL-1

PLL-2,

LCL-1

PLL-2,

LCL-1

LCL-1,

GSC-2

LCL-1,

GSC-2

LCL-1,

GSC-2

Modes Frequency (Hz)

M1 301.6 276.3 301.6 301.6 301.6 301.6 301.6 301.6

M2 214.1 195.9 214.1 214.1 214.1 214.1 214.1 214.1

M3 21.4 25.9 18.6 21.4 25.3 18.5 21.4 22.5

M4 4.3 4.3 2.8 4.3 6.3 5.4 4.3 5.6

Damping Ratio (%)

M1 8.4 9.6 8.4 8.4 8.4 8.4 8.4 8.4

M2 12.9 16.2 12.9 12.9 12.9 12.9 12.9 12.9

M3 -11.5 -4.7 -1.4 -11.5 -18.8 -23.1 -11.5 -11.1

M4 3.0 0.4 11.3 3.0 1.7 25.6 3.0 3.1

will provide more insight. This mode can be related to the

modes E3 and E4 of the SMIB system considering their

participating states.

TABLE VI: States and NPF of mode M1

State NPF State NPF State NPF

vDpcc 1.00 vDhvc1 0.30 iQA1wft 0.25

vQpcc 0.99 vDhvc2 0.30 iQA2wft 0.25

iQvsc 0.57 vQhvc1 0.30 iQA3wft 0.10

iDvsc 0.57 vQhvc2 0.30 iDA3wft 0.10

vQhvc3 0.31 iDA1wft 0.25 iDA4wft 0.06

vDhvc3 0.31 iDA2wft 0.25 iQA4wft 0.06

TABLE VII: States and NPF of mode M2

State NPF State NPF State NPF

vQpcc 1.00 vQhvc1 0.30 iDA1wft 0.28

vDpcc 0.99 vQhvc2 0.30 iDA2wft 0.28

iQvsc 0.52 vDhvc1 0.30 iQA3wft 0.12

iDvsc 0.51 vDhvc2 0.30 iDA3wft 0.12

vDhvc3 0.31 iQA1wft 0.29 iDA4wft 0.07

vQhvc3 0.31 iQA2wft 0.29 iQA4wft 0.07

The mode M4 has frequency 4.3 Hz and damping ratio

3.0 %. Table IX lists states and NPF of the mode that have

significant higher participation from two states related to VSC

impedance and lower proportion of participation from some

states in the collector system, PMSG GSC controller states

and PMSG PLL states. Participation from PLLint, GSC
out
q ,

vdc, GSCout
p , PLLpi, and PLLrslv related to all the PMSGs

in the wind farm is observed. The mode can be related to E5

and E6 of the SMIB system which have similar participating

states.

B. Sensitivity analysis of the critical modes

Table V lists the frequency and damping ratio of the critical

oscillatory modes in the wind farm system without VSC

controller. The colums (2-3) of the table show the effect of

filter parameters, LCL-1 and LCL-2. The GSC controllers,

TABLE VIII: States and NPF of mode M3

State NPF State NPF

iDvsc 1.00 vDhvc3 0.034

iQvsc 0.70 iQA2wft 0.033

vQpcc 0.114 gscinp All PMSGs 0.019-0.023

vDpcc 0.098 iDhvc1 0.014

iDA1wft 0.049 iDhv21 0.014

iDA2wft 0.047 iDA3wft 0.014

vQhvc1 0.041 vdc All PMSGs 0.010-0.011

vQhvc2 0.041 gscinq All PMSGs 0.011-0.014

vQhvc3 0.04 gscoutq All PMSGs 0.010-0.012

iQA1wft 0.035 iQhvc1 0.01

vDhvc1 0.035 iQhv21 0.01

vDhvc2 0.035

TABLE IX: States and NPF of mode M4

State NPF State NPF

iDvsc 1.00 vQhvc3 0.02

iQvsc 0.748 vQhvc1 0.019

PLLint All PMSGs 0.093-0.130 vQhvc2 0.019

GSCout
q All PMSGs 0.067-0.084 iQA3wft 0.015

iDA1wft 0.063 iDhvc1 0.015

iDA2wft 0.062 iDhvc2 0.015

vQpcc 0.059 iQhvc1 0.013

vdcAll PMSGs 0.059-0.100 iQhvc2 0.013

iQA1wft 0.054 vDhvc1 0.013

iQA2wft 0.054 vDhvc2 0.013

GSCout
p All PMSGs 0.049-0.082 vDhvc3 0.012

PLLpi All PMSGs 0.049-0.068 iDA4wft 0.011

vDpcc 0.033 GSCin
p 0.011-0.014

PLLrslvAll PMSGs 0.025-0.034 GSCin
q 0.010-0.012

iDA3wft 0.023 iDhvc3 0.01

GSC-1 and GSC-4, are tuned to obtained similar frequency

response in the SMIB system using the LCL parameters, LCL-

1 and LCL-2, respectively. All the four modes are sensitive to

the changes in the filter parameters. The effect on the modes

M1 and M2 can be attributed to their dependence on the
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collector system impedance that is changed in this case. The

modes M3 and M4 have state participation from LCL and

GSC controller states, and hence they are sensitive to the filter

parameter changes.

The columns (4-6) of Table V list frequency and damping

ratio of the critical modes for different GSC controller pa-

rameters. Same LCL and PLL parameters are used for the

three cases. As discussed in the Section VII.A the modes

M1 and M2 have participation only from states of collector

system and hence no noticeable variation in the frequency and

damping ratio are observed when different GSC controllers

are used. However, significant changes are observed in the

characteristics of the modes M3 and M4. This is inline with

the observations made from the participation factor analysis

where these modes show participation from the GSC states of

all the WTGs.

The columns (7-9) of Table V list frequency and damping

ratio of the critical modes for the different PLL designs. No

changes are observed in the modes M1 and M2. However,

Modes M3 and M4 show significant variation as they have

participation from PLL states of the WTGs.

VIII. MODE STABILIZATION USING VSC CONTROLLER

A VSC controller is designed for the wind farm system

using LCL-1, GSC-2, PLL-2 combination of parameters. In

order to design the controller, a transfer function of the system

is obtained considering the converter voltage as input and

the PCC voltage as output. No zeros with positive real part

is present in the transfer function. For controller design, the

system transfer function is reduced to the order of 12. Fig. 13

shows bode plot of the full wind farm system and reduced

order system. Both the plots show a close match in the

frequency of interest. A PI controller with KP = 3.5 and KI

= 800 is found to stabilize the system for the selected wind

farm configuration.
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Fig. 13: Bode diagram comparing transfer function of the full wind
farm system and 12th order reduced system

The close loop eigenvalues of the wind farm system with

the different LCL filter, GSC controller and PLL combinations

are plotted in Fig. 14. Similar to the variation in damping ratio

observed in the sensitivity analysis of the wind farm system

without the controller, the damping ratio of the modes in the

closed loop system show large variation. For the range in

frequency shown in Fig. 14(a) and Fig. 14(b) all the modes are

stable for the selected cases. However, there appears a mode

in 40 Hz to 60 Hz frequency range, which is related to the

mode M3, whose damping varies considerably for different

combinations of parameters. For example in the case of LCL-

1, PLL-2, GSC-3 combination the closed loop system is

unstable and in the case of LCL-1, PLL-1, GSC-3 combination

it is poorly stable.
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Fig. 14: Closed loop eigenvalues using different LCL filters, GSC
controllers, and PLLs

The dynamic simulation results shown in Fig. 15(a), Fig.

15(b), and Fig. 15(c) establishes the effect of different GSC

controllers on the operation of wind farm system. The critical

mode close to 40 Hz sets up an oscillation in the collector

system which affects response of the system. For the set of
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Fig. 15: PCC voltage following a step change in reactive power
reference of all WTGs for the case (a) GSC-1, PLL-2, LCL-1 (b)
GSC-2, PLL-2, LCL-1, and (c) GSC-3, PLL-2, LCL-1

parameters GSC-3, PLL-2, LCL-1, the system is unstable.

The results shows that PMSG parameters have significant

influence on the design of VSC controller requiring a robust

tuning considering individual wind farm configuration and

WTG characteristics. A slower GSC controller improved the

stability of the system. However, GSC settings are influence

by fast reactive power/ voltage control response demanded in

grid codes. A coordinated tuning of various controllers in wind

farm is essential.

IX. COMPARISON BETWEEN FULL AND AGGREGATED

MODEL

The critical oscillatory modes of the wind farm system with

VSC-HVDC control are discussed in the previous section.

It is clear that the characteristics of the modes depend on

many wind farm parameters. In the power system studies it

is imperative to represent a wind farm using an aggregated

model that preserve the characteristics of the critical modes,

and the influence on their characteristics by the wind farm

parameters. In this section, a comparison is presented between

the full wind farm system modes and an aggregated wind farm

system modes to show that how a simple aggregation [18] can

result in misleading conclusions.

An aggregated model of the wind farm is developed such

that three aggregated WTGs represent generation from WF1

A1, WF1 A2, and WF2. In each of the three parts of the

wind farm, the WTGs, the WTG transformers, and the 33 kV

cable and the WFT are aggregated, and represented using an

equivalent machine, a transformer, and an impedance, respec-

tively. The capacity of the aggregated WTGs are equal to total

installed capacity of the aggregated area or wind farm. The

parameters of the machine, filter and WTG transformer of the

aggregated machine at the aggregated machine base are equal

to the corresponding parameters at individual machine base (5

MW). The 33 kV collector strings and WFT are represented

using an aggregated impedance such that apparent power loss

in the aggregated impedance is equal to the apparent power

loss in the 33 kV section and the WFT. The representation of

the three 132 kV cables, and the VSC impedance and control

are unchanged. Similarly, the control parameters at PMSG and

VSC-HVDC are not altered.

TABLE X: Modes of the full wind farm system and the aggregated
wind farm system

Modes with 0.1 < f < 500 Hz, and ζ < 40%

Full wind farm system Aggregated wind farm system

Modes f (Hz) ζ (%) Modes f (Hz) ζ (%)

F1 402 3.1 A1 345 -0.8

F2 308 4.3 A2 251 -1.4

F3 86 24.4 A3 115 29.5

F4 93 31.9 A4 113 29.6

F5 56 34.5 A5 103 19.4

F6 53 24.9 A6 33 5.9

F7 43 7.2 A7 36 9.5

A8 35 7.1

Table X shows the modes of the full wind farm system

and the aggregated wind farm system in the frequency range

0.1 Hz to 500 Hz and damping ratio less than 40 %. First

of all, there are differences in the number of modes, and

their frequency and damping. In the selected frequency band,

full wind farm system has seven modes and all are stable

where as the aggregated wind farm system has eight modes

and two of them are unstable. Setting aside the difference

in frequency and damping ratio, it is found that the modes

F1 and F2, and A1 and A2, respectively, have similar states

participating on them, however, with difference in NPF. The

F3 to F7 have majority participation from VSC, WFT, HV

cable states and minority participation from the states of all the

PMSGs. However, modes in the similar frequency range in the

aggregated system such as A3 to A8 has higher participation

from the aggregated PMSG states and lower participation

from the VSC states. This will have impact on any controller
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designed using one model on the another. Also the frequency

and damping of the respective modes are different in the

two systems. Researchers must address this problem and find

suitable methods such that both the full wind farm system

and the aggregated system produce same response to a power

system event.

X. CONCLUSION

This paper discusses oscillatory modes present in an off-

shore wind farm system connected to a VSC-HVDC system

using modal analysis tools. There are multiple oscillatory

modes in the system with poor damping ratio. Using partici-

pation factor analysis it is shown that the characteristics of the

modes are influenced by the PMSG parameters, such as GSC

controller, PLLs, LCL filter, and controller parameters of VSC-

HVDC. Both frequency and damping of the collector system

modes changes with changes in the parameters. Comparison

of a full system model and an aggregated system model shows

significant differences in their dynamic characteristics. The

results show that a simple aggregation of the wind farm system

can result in misleading conclusions in power system analysis.
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