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Large-scale offshore wind farms are integrated with onshore ac grids through the voltage source converter based high voltage direct
current (VSC-HVDC) transmission system. The impact on the stability of the ac grids will be significant. The small signal model
of a wind farm connected with voltage source converter based dc transmission system is studied in this paper. A suitable model for
small signal stability analysis is presented. The control system of wind generator and the HVDC system has also been modeled in
this model for small signal stability analysis. The impact of the control parameters on the network stability is investigated.

1. Introduction

Due to the advantages in speed control, and four-quadrant
active and reactive power regular capabilities, the large
oftshore wind farms based on doubly fed induction generator
(DFIG) have been planned around worldwide [1, 2]. With
the anticipated high level penetration of offshore wind power
increasing, voltage source converter based high voltage direct
current (VSC-HVDC) connections are expected for wind
power integration with the onshore ac grids [3]. The VSC-
HVDC transmission is emerging as the prospective technol-
ogy to address the challenges associated with the integration
of future offshore wind power [4].

VSC-HVDC transmission system was employed in [5]
for transmitting offshore wind power equipped with fixed
speed generators to the grid. In [6, 7], a 6 MW wind farm
connected to the grid through the VSC-HVDC transmission
system is studied. In the future, many large wind farms under
development will employ DFIG-based wind turbines whose
operation and response to network disturbances are signifi-
cantly different from other types of generators. The control
strategy of VSC-HVDC transmission system technology for
connecting large DFIG-based wind farms over long distance
is studied in [8]. New control strategies for normal and grid
fault conditions are proposed. To obtain smooth operation,
the wind farm side converter is controlled as an infinite
voltage source that automatically absorbs power generated by

the wind farm and maintains a stable local ac network. In
[9], line commutated HVDC systems had also been used to
connect a large DFIG-based offshore wind farm into the grid.

The dynamic behavior of the DFIG has been investigated
by many researchers [10, 11]. The majority of these studies
are based on time-domain simulation results to investigate
the impact on power system dynamic behavior. The control
method made DFIG behave like a synchronous generator
[12-15]. Time-domain studies offer a direct appreciation of
the dynamic behavior in terms of visual clarity. However,
the time-domain simulation is hard to observe for all the
oscillation modals of the systems [16]. In [17], a suitable
model for small signal stability analysis and control design
of multiterminal dc networks is presented. A typical test net-
work that combines conventional synchronous and offshore
fixed speed wind generation connected to onshore via a dc
network is used to illustrate the design of enhanced voltage
source converter controllers. The impact of VSC control
parameters on network dynamic behavior is discussed.

In this paper, the DFIG-based wind farm via VSC-HVDC
transmission system connected to the grid is studied. The
single-machine infinite-bus (SMIB) structure is followed. The
paper is organized as follows. In Section 2, the mathemat-
ical model of the system unit is observed. In Section 3,
modal analysis method and the eigenvalues under employed
controller parameters are studied. Section 4 presents the
conclusion.
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FIGURE 1: The study system.

2. Modeling of Study System

The study system is shown in Figure 1, where a DFIG-based
wind farm (100 MW form aggregation of 2 MW units) is
connected to a VSC-HVDC link. The dc transmission voltage
is 300 kV pole-to-pole (+150 kV-bipolar). The length of the
dc transmission cables is 50 km. The onshore ac power grid,
which is comprised of conventional generation, is modeled
as a synchronous generator with the ratings of 33kV and
2400 MVA.

2.1. Doubly Fed Induction Generator. The one-phase equiv-
alent electric circuit of the DFIG rotor and stator is shown
in Figure 2. The dynamic equations of DFIG are usually
described by transforming the machine “abc” voltage equa-
tions into a synchronously rotating frame referred to as the
“d-q” frame.

For stability analysis, the generators are modeled as an
equivalent voltage source based on transient impedance. The
dynamic model of DFIG is shown as
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;S and /), are the equivalent internal g- and d-axis

voltages, respectively. i, and i, are the stator g- and d- axis
currents, respectively. The mean of the parameters can be
calculated according to [16].

where e

2.2. Controller of DFIG Converters. The purpose of the rotor
side converter controller is to control the active power so as
to track the maxim power P, and to maintain the terminal
voltage U, as a constant. For the grid-side converter, the
controller has to keep the dc-link voltage as a constant and
the desired sharing of reactive power with stator is achieved.
Usually, the reactive power delivered to the grid is only
produced from the stator to minimize the converter capacity.
So, the rotor side converter works at unity power factor.
According to [18], the model of rotor-side convert and its
controller is shown in
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FIGURE 2: The equivalent electric circuit of the DFIG.
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FIGURE 3: Converter circuit diagram.
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2.3. VSC-HVDC System Converter. The VSC-HVDC system
is employed to transfer wind energy from offshore to onshore.
As shown in Figure 1, the key unit of the HVDC system is
the converter. The wind farm side converter is to transfer the
energy received from wind turbine. The grid side converter is
to keep the DC voltage as a constant value in order. Figure 3
illustrated a VSC-HVDC converter circuit diagram in “abc”
frame.

Asshown in Figure 3, it is easy to show the dynamic model
of the converter in “abc” frame

Ueq d ia ia Usq
Uy | = LE I, | + R I, | + | Usp | - (3)
u i i u
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=

FI1GURE 4: Control block diagram of the wind farm side converter.

The dynamic model in “d-q” frame can be easy obtained
by employing the Park transform as shown in (4), and the
“d-q” frame dynamic model is shown in (5):

2 [sinwt sin (wt —120°) sin (wt + 120°) @)
" 3 [coswt cos(wt —120°) cos (wt +120°) |’
£15]-2 1 S
dt LlVeq] L limg]l L |4y
(5)

_ 0 —w imd
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where ¢ means the converter side parameters and s means the
grid side parameters. Under PWM control, the amplitude of

the converter output fundamental voltage is controlled by the
modulation index M as
M ° Vd
V. = T“ (6)
In ideal condition, the dynamic of the dc side transmis-
sion system is shown in
dvg. 1

3

a =l ag Mg+ My
where the i,,; and i, are the d- and g- axis converter
currents, respectively. M is the modulation index. Vj_ is the
DC voltage and I is the DC current.

ig)> ()

2.4. Controller of Wind Farm Side Converter. The wind farm
side converter (WFVSC) should keep the wind farm side
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FI1GURE 5: Control block diagram of the grid side converter.

ac bus working at constant frequency and voltage. So, the
controller of wind farm side converter should maintain the
ac bus frequency and voltage as a constant. After that, the
primary requirement of the WFVSC is to transfer energy
collected from the wind farm. The output power form DFIG is
controlled by power electronic converters and MPPT system
and the network frequency variations when little influence
is on the power generation. The main task for the WFVSC
is to collect energy from the wind farm and to control the
ac voltage and frequency of the local wind farm network.
Therefore, the control strategy adopted on the WFVSC is to
control the wind farm side converter as an infinite voltage
source with constant frequency, voltage amplitude, and phase
angle. The control block diagram for the WFVSC is shown in
Figure 4.

Consider the voltage measurement devise delay; the
measurement unit can be modeled as a first-order process,

1
Vmea = Vuf 1+7Ts (8)
as
dvmea _ wa _Vmea (9)

dt T

The controller of the converter is respected to the bus voltage
as shown in Figure 4. The dynamic model of the wind farm
side converter controller is shown as

dM Vs =V,

E = _Kp7 <$) + K17 wf refl — K1 Vmea (10)
Thus, the control strategy makes the wind farm be

connected to an infinite ac system; the power generated by the

wind farm is automatically absorbed by the source resembled

by the wind farm side converters and then transmitted to the

grid via the DC lines.

2.5. Controller of Grid Side HVDC Converter. The WSVSC
collects energy from wind farm and then transmits it to the
power grid via the dc transmission and grid side converter
(GSVSC) (Figure 5). For a dc transmission system, we
expect the dc voltage to maintain a constant value under all
condition to keep the system work stability. A constant dc
voltage indicates balanced active power flow between the two
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FIGURE 6: The control system of the grid side converter.

sides. Unstable dc link voltage can cause the system to trip
and disrupt its normal operation. Therefore, the grid side
converter is assigned to control the dc voltage as the expected
value. The PI control system of the grid side converter is
shown in Figure 6. The control method can ensure the energy
collected by the wind farm is transmitted to the grid network
almost completely. The reference angle for abc-dq transfer is
obtained from the PLL loop.
The current control loop is designed as

Ug = d_; = kpS (i = isa) + ki J (ig = isa) dt,

(11)
diSq o . L] .

9= ~ kpo (Isq ~isy) + kig j (’sq ~ i) dt,

where i(; is the dc voltage control loop and i, is the
connection bus voltage control loop:

i:d = kpl() (Vd*c = Vo) + ki J (Vd*c - Vg0 dt,

(12)

i:q = kP11 (VG* - VG) +kin J (VG* - VG) dt.

The VSC control modulation index M in dq frame is shown
in
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FIGURE 7: The combined small signal model for whole system.
TaBLE 1: Controller parameters.
kpl kpZ kp3 kp4 kpS 6 kp7 kpS kp9 kpl() kpll
0.45 0.5 0.025 0.005 0.01 0.25 15 1 1 10 0.01
kil kiZ ki3 ki4 kiS ki6 ki7 ki8 ki9 kilO kill
0.25 0.45 0.2 0.15 0.25 0.15 20 8 8 200 300
For small signal model, four middle variables named TaBLE 2: Eigenvalues.
X9 X X,,and x;. are employed: x .. = |(V. -V, ),
vde 'si il 54 . ploy: vde I ( f‘: ) ac) A Value f (Hz) Damping ratio
Xia = [ (igq = i) Xyg = VG - Vo), and x;g, = I g =isg)- 0 ~1428 + j7654 1218.7 0.183
. Cor.nbmed (1Hf) vgtshvélé) ancg thst rpld((iile Vﬁrlablgs; the . 316+ j1468 215.8 021
ynamic model for can be obtained as shown in . 14.89 + 283 45.06 0.053
A -5.6 + j212 33.76 0.026
A% _ e _y Aoro —45.1 + j521 82.96 0.086
dt de Tde A ~7.8 + j85.3 13.58 0.091
dx. . ‘ Misa ~283 + j219.6 34.97 0.128
o = R (Ve = Vae) + KnoXoae = s Mo 9.4+ j821 131 0.753
P Mg ~1.8 % j5.68 0.9 0.302
Xvg * A —-0.004 + j4.35 0.69 0.009
% =Vs -V 19.20 tJ
dx;
— = kpll (VS - VG) + kill'xvg - isq’ (4) .
dt model of the test system can be expressed in state-space form
* asin
Viea = —kpskpio (Ve = Vo) + k pgkiroXyac
—kpgigg + kigXisa> Ax = AAxX + BAu, (15)
*
Vgcq = kp9kpll (VG - VG) + kp9kill'xvg
ki 4k x where Ax is the state vector with 26 orders, u is the input
p97sq - TillTisqr vector, A is the state matrix, and B is the input or control
matrix. The eigenvalue of the state matrix A provides the
3. Modal Analysis necessary information about the small signal stability of the

The complete state-space representation of the test system is
obtained by combining all the linearized models. As shown
in Figure 7 the small signal model of the whole system is
combined.

The small signal stability can be observed by eigenvalue
analysis of the whole system linearized model. In this case,
the “small signal” disturbances are considered sufficiently
small to permit the equations representing the system to be
linearized and expressed in state-space form. The model of a
power system can be expressed as a set of DAE. The linearized

system.

The purpose to model the small signal model of the
system is to study the small signal stability and for the
further study to investigate the controller parameters design
to enhance the small signal stability. The control parameters
employed in this study are shown in Table 1.

The eigenvalue analysis of the small signal model is show
in Table 2. Eigenvalues shown here are all the oscillation
mode. It is known that the whole real part of the eigenvalues
is negative and the oscillation mode is stable under the
controller parameters in Table 1.



4, Conclusion

A linearized mathematical model for small signal stability
analysis of VSC-HVDC transmission system collected with a
DFIG-based wind farm has been presented in this paper. The
linearized model is based on the state-space models. The state
matrix is employed to investigate the small signal stability
performance of the studied system through the eigenvalue
analysis. It was validated that, using the small signal stability
model, it was possible to design improved controllers for
the VSCs of the dc network, which ensure stable network
operation and enhanced dynamic performance.
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