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Abstract 

This paper presents the stability-improvement results of a synchronous generator (SG)-based one-machine infinite-bus 
(OMIB) system with a hybrid doubly-fed induction generator (DFIG)-based and permanent-magnet synchronous 
generator (PMSG)-based offshore wind farm (OWF) using a static synchronous compensator (STATCOM). The 
operating performance of the studied PMSG-based OWF is simulated by an equivalent PMSG driven by an equivalent 
wind turbine (WT) while an equivalent DFIG driven by an equivalent WT through an equivalent gearbox is used to 
simulate the operating characteristics of the DFIG-based OWF. The hybrid OWF is connected to the point of common 
coupling (PCC) of the SG-based OMIB system through an undersea cable and an underground cable. The proposed 
STATCOM is connected to the PCC to supply the required reactive power to the SG-based power system. A 
frequency-domain approach based on a linearized system model using eigenvalue technique and a time-domain 
scheme based on a nonlinear system model subject to various disturbance conditions are both utilized to examine the 
effectiveness of the proposed control scheme. It can be concluded from the simulation results that the proposed 
STATCOM is capable of offering adequate damping characteristics to stabilize the studied OMIB system under 
various operating conditions. 
 
Keywords: Offshore wind farm, permanent-magnet synchronous generator, doubly-fed induction generator, static synchronous 
compensator, stability. 

1. Introduction 

Renewable energy is one of the hottest issues in the whole world today due to the fast and huge 
consumption of fossil fuels. Some academic researchers have devoted to high-capacity offshore wind 
turbine generators (WTGs) connected to onshore substation through undersea cables. Currently, wind 
doubly-fed induction generators (DFIGs) [1] and wind PMSGs [2] have been widely used in high-
capacity offshore wind farms (OWFs). Modular PMSG for variable speed wind turbines was proposed 
and multiple single-phase outputs were separately rectified to obtain a smooth dc-link voltage [2]. The 
dynamic model based on small-signal stability of a wind turbine (WT) with a direct-drive PMSG with its 
power converters and controllers was proposed in [3]. A new interconnecting method for two or more 
PMSG-based wind turbine generators used in a wind farm was proposed in [4], and the proposed scheme 
required only one externally commutated inverter and only one DC-link. A small-signal 47th-order 
analytical model for representing the operating characteristics of a direct-drive PMSG connected to AC 
grids of widely varying strength and very weak grids was explored in [5]. A variable-speed WT-PMSG 
connected to power grid through a fully controlled frequency converter has the reactive-power control 
ability to offer required reactive power of the fixed speed WT generators connected in series or parallel to 
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its terminals [6]. The control strategy of a hybrid wind farm containing a large number of induction 
machine (IM)-based WTGs and very few number of PMSG-based WTGs to compensate the reactive 
power requirement of the IM during faults and mitigate power fluctuations during wind gust was 
proposed in [7]. An integration of a generator-side three-switch buck-type rectifier and a grid-side Z-
source inverter as a bridge between the PMSG and the grid was proposed for a PMSG-based WTG while 
the experimental validation and simulation studies were carried out to examine the effectiveness of the 
proposed scheme [8]. A simple coordinated control of DC-link voltage and pitch angle of a PMSG-based 
wind energy conversion system to smooth wind power fluctuations was proposed [9]. 

Regarding the use of STATCOM for power-system stability improvement, stability enhancement of 
power systems using STATCOMs and the damping controller design of STATCOMs were presented in 
[10]. A variable-blade pitch of a wind energy conversion system and design of an output feedback linear 
quadratic controller for a STATCOM to perform mechanical power control and voltage control under 
different operating conditions were studied in [11]. Controller design and system modeling for quick load 
voltage regulation and suppression of voltage flicker using a STATCOM were explored in [12]. A novel 
D-STATCOM control algorithm for enabling separate control of both positive- and negative-sequence 
currents was proposed [13]. Dynamic characteristics of a power system with a STATCOM and a static 
synchronous series compensator (SSSC) through digital simulations were compared in [14]. The 
applications of a STATCOM for damping torsional oscillations of a series-capacitor compensated AC 
system were shown in [15]. Characteristics of using PSS, static VAR compensator (SVC) and 
STATCOM for damping undesirable inter-area oscillations of a power system were compared in [16].  

This paper is organized as follows. System configuration and mathematical models of the studied 
system are introduced in Section 2. Eigenvalue results of system dominant modes as well as comparative 
transient responses of the studied system subject to a severe fault are described in Section 3 and 4, 
respectively. Finally, specific important conclusions of this paper are drawn in Section 5. 

 

 

 

 

Fig. 1.  Configuration of the studied SG-based OMIB system containing a PMSG-based OWF and a DFIG-based OWF with a 
STATCOM 

2. System Configuration 

Fig. 1 shows the configuration of the studied SG-based OMIB system containing the hybrid PMSG-
based and DFIG-based OWF with a STATCOM of ±50-MVAR. The 80-MW PMSG-based OWF (WF1) 
is represented by an equivalent aggregated variable-speed wind turbine (VSWT) driven an equivalent 
aggregated PMSG that is fed to bus A through a back-to-back power converter, a step-up transformer of 
0.69/23 kV and an undersea cable. The 80-MW DFIG-based OWF (WF2) is represented by an equivalent 
aggregated VSWT with an equivalent gearbox driven an equivalent aggregated DFIG that is fed to bus A 
through a step-up transformer of 0.69/23 kV and an undersea cable. The equivalent capacitance Cbus is 



232 International Journal of Smart Grid and Clean Energy, vol. 2, no. 2, May 2013 

connected to the common bus A that is fed to the point of common coupling (PCC) of an onshore SG-
based OMIB system through an offshore step-up transformer of 23/161 kV, undersea cables, and 
underground cables. The studied SG of 1230 MVA is fed to the PCC through a step-up transformer of 
15/161 kV and transmission lines, and the PCC is also connected to a large power grid through two 
parallel transmission lines (TL1 and TL2) [17]. The proposed STATCOM is connected to the PCC 
through a step-down transformer of 25/161 kV for damping improvement of the studied SG subject to the 
power fluctuations of the hybrid OWF during wind-speed variations. 

A.1. Wind turbine model and mass-spring-damper model 

The wind turbine model in this paper can be referred to [14, 15] with the cut-in, rated, and cut-out 
wind speeds for the wind DFIG (wind PMSG) are selected as 4 (3) m/s, 14 (13) m/s, and 24 (23) m/s, 
respectively. 

The two-inertia reduced-order equivalent mass-spring-damper model of the WT coupled to the rotor 
shaft of the studied wind DFIG through a gearbox is applied in this study [16]. This model can also be 
applied to the mass-spring-damper model of the WT coupled to the rotor shaft of the studied wind PMSG 
except the employed parameters. The effect of the equivalent gearbox (GB) between the WT and the DFIG 
has been included in this model [17]. 

A.2. DFIG  model and operation of power converters 

Fig. 2 shows the one-line diagram of each wind DFIG driven by a WT through a gearbox [2, 18]. The 
stator windings of the DFIG are directly connected to the low-voltage side of the 0.69/24-kV step-up 
transformer while the rotor windings of the DFIG are connected to the same 0.69-kV side through a rotor-
side converter (RSC), a DC link, a grid-side converter (GSC), a step-up transformer, and a connection 
line. For normal operation of a DFIG, the input AC-side voltages of the RSC and the GSC can be 
effectively controlled to achieve the aims of simultaneous output active-power and reactive-power control 
[19]. The detailed operation of the RSC and GSC can be referred to [20].  

 
Fig. 2.  One-line diagram of each wind doubly-fed induction generator 

A.3. PMSG  Model and Operation of Power Converters 

The d-q axis equivalent-circuit model of the studied wind PMSG can be expressed by [13, 16] 

qP rP
qsP sP qsP dP

b b

p
v r i

ψ ω
= + + ψ

ω ω
－ ,        dP rP

dsP sP dsP qP
b b

p
v r i

ψ ω
= + ψ

ω ω
－ －  (1) 

in which 

( )qP mqP lsP qsP qP qsPX X i X iψ = + =－ － ,  ' '( )dP mdP lsP dsP mdP mP dP dsP mdP mPX X i X i X i X iψ = + + = +－ －  (2) 

where Ψ is the pu flux linkage, vsP is the pu stator-winding voltage, isP is the pu stator-winding current, 
XmP is the pu magnetization reactance, XlP is the pu leakage reactance, i’mP is the pu magnetization current, 
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ωrP is the pu rotational speed, and ωb is the base angular speed. The input d-q axis pu voltages of the 
VSC-converter of the wind PMSG can be expressed by, respectively. 

vcond = kmcondVdcP,     vconq = kmconqVdcP   (3) 

where VdcP is the DC-link voltage while kmcond and kmconq are the d- and q-axis modulation indices of the 
VSC-converter, respectively. The output d-q axis pu voltages of the VSC-inverter of the wind PMSG can 
be written by, respectively, 

 vinvd = kminvsin(αinv)VdcP,        vinvq = kminvcos(αinv)VdcP (4) 

where kminv and αinv are the modulation index and the phase angle of the VSC-inverter, respectively. 

A.4. STATCOM model 

The pu q- and d-axis output voltages of the proposed STATCOM shown in Fig. 1 can be written by, 
respectively, [20] 

vqsta = Vdcsta⋅kmsta⋅cos(θbus + αsta),        vdsta = Vdcsta⋅kmsta⋅sin(θbus + αsta) (5) 

where vqsta and vdsta are the pu q- and d-axis voltages at the output terminals of the STATCOM, 
respectively; kmsta and αsta are the modulation index and phase angle of the STATCOM, respectively; θbus 
is the voltage phase angle of the common AC bus, and Vdcsta is the pu DC voltage of the DC capacitor Cm. 
The pu DC voltage-current equation of the DC capacitor Cm can be described by 

(Cm)p(Vdcsta) = ωb[Idcsta − (Vdcsta/Rm)] (6) 

where  Idcsta = iqsta⋅kmsta⋅cos(θbus+ αsta) + idsta⋅kmsta⋅sin(θbus+ αsta) is the pu DC current flowing into the 
positive terminal of Vdcsta, Rm is the pu equivalent resistance considering the equivalent electrical losses of 
the STATCOM, and iqsta and idsta are the pu q- and d-axis currents flowing into the terminals of the 
STATCOM, respectively. 

The fundamental control block diagram of the employed STATCOM including a PID damping 
controller is shown in Fig. 3. The pu DC voltage Vdcsta is controlled by the phase angle αsta while the 
voltage vsta is varied by changing the modulation index kmsta. 

 
0αsta

_ maxαsta

_ minαsta

αstaΔ αsta

 
Fig. 3. Control block diagram of the employed STATCOM  

3. Eigenvalue Results 

Table 1 lists the calculated eigenvalues of the studied system under PSG (output active power of SG) of 
0.9 pu, VSG (terminal voltage of SG) of 1.0 pu, PFSG (output power factor) of 0.9 lagging, and VW (wind 
speed of two OWFs) of 12 m/s. It can be clearly seen from the results listed in Table 1 that eigenvalues 
Λ1–Λ10 are the modes of the SG-based OMIB system, eigenvalues Λ11–Λ18 are the modes of the PMSG-
based OWF, eigenvalues Λ19–Λ29 are the modes of the DFIG-based OWF, and eigenvalues Λ30–Λ32 are 
the modes of the STATCOM. The dominant modes of the SG, the mechanical mode and the exciter mode, 
are Λ8 and Λ10, respectively. When the studied system is without the proposed STATCOM, it is observed 
from the third column of Table 1 that the mechanical mode is -0.39197 ± j9.8001 with a damping ratio of 
0.039965 while the exciter mode is –0.596 ± j1.6001 with a damping ratio of 0.34905. These two modes 
can be slightly moved by the proposed STATCOM connected at the PCC, and it is seen from the fifth 
column of Table 1 that the new mechanical mode is –0.7627 ± j9.7869 with an improved damping ratio of 
0.077695 while the new exciter mode is –0.59592 ± j1.6 with a slightly reduced damping ratio of 0.34902. 
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Table 1. Eigenvalues (rad/s) of the studied system under PSG = 0.9 pu, VSG = 1.0 pu, PFSG = 0.9 lagging, and VW = 12 m/s 

No. Mode Eigenvalues of the studied 
system without STATCOM

Damping 
ratio 

Eigenvalues of the studied 
system with STATCOM 

Damping 
ratio 

Λ1-2  
Λ3-4  
Λ5-6  
Λ7-8  
Λ9-10  
Λ11-12  
Λ13-14  
Λ15-16  
Λ17-18  
Λ19-20 

 
 
 
 

SG-based 
OMIB 
system 

-25.727 ±  j89496 
-32.393 ±  j88736 
-233.92 ±  j10403 
-17.61 ± j1087.9 
-619.26, -651.83 
-0.072063 ±  j376.99 
-34.937, -15.979 
-0.39197 ±  j9.8001 
-8.9827 ± j10.766 
-0.596 ±  j1.6001 

0.00028746 
0.00036504 

0.02248 
0.016186 

1, 1 
0.00019115 

1, 1 
0.039965 
0.64063 
0.34905 

-25.727 ±  j89496 
-32.393 ±  j88736 
-232.97 ± j10422 
-23.632 ± j2220.6 
-620.32, -651.83 
-0.072063 ± j376.99 
-34.936, -15.953 
-0.7627 ± j9.7869 
-8.9822 ± j10.767 
-0.59592 ± j1.6 

0.00028746 
0.00036504 

0.022347 
0.010642 

1, 1 
0.00019115 

1, 1 
0.077695 
0.64061 
0.34902 

Λ21-22  
Λ23-24  
Λ25-26  
Λ27-28  
Λ29-30  
Λ31-32  
Λ33-34  
Λ35-36 

 
 
 

PMSG-
based 
OWF 
(WF1) 

-4.7032 ± j5.9666×105 
-4.504 ± j6.9726×105 
-226.2 ±  j5449.7 
-23.591 ± j73.33 
-100.76 ± j0.30313 
-99.14, -99.524 
-14.026, -0.70667 
-5.4308 ± j3.5601 

7.8826×10-6 
6.4596×10-6 

0.041472 
0.30625 

1, 1 
1, 1 
1, 1 

0.83632 

-4.7032 ± j5.9666×105 
-4.504 ± j6.9726×105 
-233.39 ± j5392.5 
-23.591 ± j73.329 
-90.404 ± j31.581 
-99.997, -99.528 
-13.451, -0.70672 
-5.4353 ± j3.6144 

7.8826×10-6 
6.4596×10-6 

0.04324 
0.30625 
0.94405 

1, 1 
1, 1 

0.83269 
Λ37-38  
Λ39-40  
Λ41-42  
Λ43-44  
Λ45-46  
Λ47-48  
Λ49-50  
Λ51-52  
Λ53-54  
Λ55-56 

Λ57-58 

 
 
 
 
 

DFIG-
based 
OWF 
(WF2) 

-4.0603 ± j37383 
-4.0704 ± j36629 
-6.1665 ± j375.85 
-14.329 ± j292.08 
-2.5806 ± j49.714 
-6.8918 ± j28.9 
-14.984, -0.10285 
-1.5439 ± j3.6126 
-1.6791, -10.868 
-10.219, -8.9971 
-8.7116 ± j0.59036 

0.00010861 
0.00011113 

0.016404 
0.048998 
0.051839 
0.23196 

1, 1 
0.39298 

1, 1 
1, 1 

0.99771 

-4.0603 ± j37383 
-4.0704 ± j36629 
-6.1654 ± j375.86 
-13.163 ± j288.03 
-2.5587 ± j49.7 
-6.8923 ± j28.899 
-14.983, -0.10285 
-1.5439 ± j3.6126 
-1.6791, -10.867 
-10.219, -8.9972 
-8.7119 ± j0.59065 

0.00010861 
0.00011113 

0.016401 
0.045652 
0.051415 
0.23199 

1, 1 
0.39298 

1, 1 
1, 1 

0.99771 

Λ59-60  
Λ61-62  
Λ63 

 
STATCOM 

- 
- 
- 

- 
- 
- 

-35.841 ± j910.4 
-100.64, -227.64 
-136.53 

0.039339 
1, 1 

1 
 

4. Transient Responses 

Fig. 4 shows transient responses of the studied system subject to a three-phase short-circuit fault at the 
power grid. The applied fault starts at t = 1.0 s and lasts for 0.1 s. The blue lines and the red lines shown 
in Fig. 4 are the responses of the studied system without and with STATCOM, respectively. It can be 
observed from the transient responses of the SG shown in Figs. 4(a)-4(d) that the active power and 
reactive power of the SG have sharp peaks at t = 1.0 s when the system with the proposed STATCOM but 
the STATCOM can offer better damping characteristics to the mechanical mode to damp oscillations of 
the SG. The transient responses of the active power, the reactive power, and the voltage of WF1 shown in 
Figs. 4(e)-4(g) as well as the transient responses of the active power, the reactive power, and the voltage 
of WF2 shown in Figs. 4(h)-4(j) also have sharp peaks at t = 1.0 s when the system with the proposed 
STATCOM but the proposed STATCOM may render better damping performance to the mechanical 
mode to quickly return back to steady-state values. The transient response of the reactive power of the 
STATCOM shown in Fig. 4(k) initially jumps to reach as high as 0.21 pu at around t = 1.98 s to supply 
larger reactive power to support the voltage profile of the SG-based OMIB system during the faulted 
period and then gradually returns back to the original steady-state value. The transient response of the 
voltage at PCC shown in Fig. 4(l) suddenly drops to close to 0.6 pu at t = 1.0 s and then quickly returns 
back to the steady-state value. It can be concluded from the transient simulation responses shown in Fig. 4 
that the studied system with the proposed STATCOM have better damping characteristics to suppress 
mechanical-mode oscillations of the SG due to the applied severe fault at the power grid.  
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Fig. 4. Comparative transient responses of the studied system subject to a three-phase short-circuit fault at the infinite bus. 

5. Conclusion 

This paper has presented the stability-improvement results of a SG-based OMIB system with a hybrid 
DFIG-based and PMSG-based OWF using a STATCOM connected to the PCC of the studied system. The 
eigenvalue technique has been employed to demonstrate that the damping of the mechanical mode of the 
SG can be improved by the proposed STATCOM. Transient responses of the studied system subject to a 
severe three-phase short-circuit fault at the power grid have demonstrated the proposed STATCOM can 
offer adequate damping characteristics to stabilize the inherent mechanical-mode oscillations of the studied 
OMIB system. 
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