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Abstract—Integration of DFIG with the multi-machine 

system causes small signal stability problem i.e., oscillation in 

the rotor angle and speed of the synchronous machines 

connected in the multi-machine system due to constant 

variation in the generation due to uncertain nature of wind. 

This paper presents a control scheme based on a static 

synchronous compensator (STATCOM) to enhance the small 

signal stability of multi-machine system with DFIG by 

introducing positive damping in the system. A STATCOM 

operating on a pure voltage control mode does not provide any 

system damping. However, the STATCOM can contribute to 

system damping if it is allowed to modulate the bus voltage 

instead of maintaining it strictly constant. With the introduction 

of voltage modulating control, the STATCOM transforms the 

power system into a positively damped system and the eigen 

values of the system now lies in the left half of the s plane, and 

any oscillation in the rotor angle and speed will decay with time. 

The effectiveness of the proposed system is tested in a IEEE -9 

bus system using eigen value analysis. Simulation results shows 

that proposed STATCOM controller is very effective to 

stabilize the studied system under various disturbances.  

 

Index Terms—DFIG, STATCOM, small signal stability, 

eigen value, multi-machine system. 

  

I. INTRODUCTION 

  DOUBLY-FED induction generator (DFIG) is, currently, 

the most employed wind generator due to its several merits. 

One of the advantages is the higher efficiency compared  to a 

direct-drive wind power generation system with full-scale 

power converters since only about 20% of power flowing 

through power converter and the rest through stator without 

power electronics. Another advantage of a wind DFIG is the 

capability of decoupling control of active power and reactive 

power for better grid integration. However, by connecting 

stator windings directly to the power grid, a wind DFIG is 

extremely sensitive to grid faults. Moreover, wind energy is a 

kind of stochastic energy, implying that the output of Wind 

Farm(WF) varies in a certain range due to unstable wind 

characteristic. Therefore, the operating point of the power 

system changes from time to time when the wind power is 

integrated with the power system. Several published papers 

have discussed how to reduce the negative influences of the 

power grid on DFIG-based WF [1]–[5]. In [1], DFIG-based 
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WF connected to a  power grid through a line-commutated 

high-voltage direct-current (HVDC) with a damping 

controller located at the rectifier current regulator of the 

HVDC link was proposed to contribute adequate damping to 

the WF under various wind speeds and different disturbance 

conditions. But this control scheme was only suitable for the 

systems having a long distance from WFs to grids. In [2], a 

variable frequency transformer (VFT) was proposed to 

smooth the fluctuating active power generated by the WF 

sent to the power grid and improve the damping of the WF. 

These papers, however, just considered a power grid as an 

infinite bus that is not a practical power system. To study the 

performance of a practical power system, a multi-machine 

power system is generally employed to replace the 

single-machine infinite-bus (SMIB) equivalent model. In [3], 

a DFIG-based wind power plant (WPP) was connected to a 

three-machine nine-bus system to compare voltage stability 

of the system at a point of common coupling when the system 

was with and without the WPP. The dynamic performance of 

DFIG-based wind turbines connected to multi-machine 

systems under three different configurations was presented in 

[4]. A new control strategy for improving fault ride-through 

capability of wind farms connected to a multi-machine power 

system was proposed in [5], while a small series dynamic 

braking resistor was located at the stator circuit of the DFIG 

along with a DC-chopper braking resistor. Especially, 

increase of wind-power penetration could lead to the problem 

of sudden disconnection of considerable amount of power 

generation in case of a transient fault occurred in the system, 

causing the system to be unstable from an otherwise harmless 

fault situation. In this case, a static  synchronous compensator 

(STATCOM) is one of the good candidates for dynamic 

compensation of  reactive power when the voltage is lower 

than the normal voltage range. A STATCOM can generate 

more reactive power than other FACTS devices like static 

VAR compensator (SVC). This is due to the fact that the 

maximum capacitive power generated by a STATCOM 

decreases only linearly with the bus voltage but it drops off as 

square of the bus voltage for an SVC. In addition, the 

STATCOM normally exhibits a faster response as it has no 

significant time delay associated with thyristor firing (in the 

order of 4 ms for an SVC) [6]. In [7], a STATCOM was 

connected at the point of common coupling (PCC) to 

maintain stable voltage and to improve the power quality by 

protecting DFIG-based wind farm connected to a weak grid 

from going offline during and after disturbances. As 

proposed in [8], a new control strategy using a full-power 

wind permanent-magnet generator (PMG) with a STATCOM 

to provide reactive power compensation can be used to 

improve stability of transient voltage. In [9], performance of 

a PMG-based wind energy system employing a dynamic 
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voltage regulator (DVR) was compared to one of the system 

employing a STATCOM. It is recommended to use a 

STATCOM in systems with large loads where reactive power 

consumption from the grid could cause serious effects on 

connected loads. For the purpose of improving the damping 

of the studied power system for grid integration of an WF, 

this paper proposes a STATCOM connected to the 

interconnected bus of a DFIG-based WF fed to a 

three-machine nine-bus system for compensating reactive 

power and maintaining the voltage at the connected bus. The 

main contribution of this study is the STATCOM controller 

considered as a new damping controller which is designed to 

damp out oscillations of the studied system. This paper is 

organized as below. Mathematical model of the studied 

DFIG-based WF fed to a three-machine nine-bus system 

using a STATCOM are introduced in Section II. The 

damping actions of proposed STATCOM controller using 

voltage modulation by feedback of auxiliary signals are 

depicted in Section III. System state matrix formation is 

discussed in section IV. Simulation results using eigen value 

analysis under various operation points are described in 

Sections V. Finally some important conclusions of this paper 

are drawn in Section VI.  

 

II. MULTI-MACHINE SYSTEM AND DFIG MODELS 

A. Three machine Nine-Bus System 

The state space model of the multi-machine system is given 

by [10] 
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      (1) 

Here the synchronous machines are modelling are done using 

two axis model and IEEE type 1 exciter is used. Where δi is 

the rotor angle of ith machine, ωi is  speed of the ith machine            

E’qi is the quadrature axis voltage of ith machine, E’di is the 

direct axis voltage of ith machine, E’fdi is the field voltage of 

ith machine,VRi  reference voltage of ith machine, Di is the 

damping constant of ith machine, Mi is the inertia constant of 

ith machine, T’doi is the transient open circuit time constant, 

T’qoi is the transient  open circuit time constant, Idio is the 

direct axis current of ith machine,Iqio is the quadrature axis 

current of ith machine and KAi,Tfi- exciter constant of ith 

machine.  

B. Mass Spring Damper Model of Wind Turbine 

The state space model of two-inertia reduced order wind 

turbine is given by [11] 
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where HH and Hg (ωH and ωr ) are, respectively, the 

inertias (angular speeds) of hub and IG, DHg, KHg, and θHg 

are, respectively, the mechanical damping coefficient, spring 

constant, and rotor angle difference between hub and IG, Tm 

is the mechanical input torque, Te is the electromagnetic 

torque of IG that can be expressed by Te = Xm(idriqs − iqrids), 

and p is the differential operator with respect to time t. 

C. DFIG Model 

The per unit q and d axis voltage-current equations of an 

induction generator can be referred to and they can be used 

for electrical parts of DFIG. The state space model of the 

DFIG is given by[11] 

                                                                                                                              
.                                                                                                                   (3) 

where  Xm is the mutual reactance between the stator and 

rotor, and Xss = Xls + Xm and Xrr = Xlr + Xm (Xls and Xlr) 

are, respectively, the self (leakage) reactances of the stator 

and the rotor windings. 

D. STATCOM Model 

Two axis model using pu q-d axis equations are used for 

modeling STATCOM. The state space model of the 

STATCOM is given by[15] 

   (4) 

Where ϴ is the phase angle of bus at which STATCOM is 

placed,αsta is the   phase angle of STATCOM(varies Vdcsta), 

km is the  modulation index (varies Vsta),Vqsta is the q axis 

voltage of STATCOM, Vdsta is the d axis voltage of 

STATCOM, Iqsta is the q axis current of STATCOM, Idsta is 

the d axis current of STATCOM, Vdcsta is the dc voltage of the 

STATCOM energy storage system. 
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III. DAMPING CONTROLLER ACTION OF THE 

STATCOM 

In this section the damping controller action of the 

STATCOM is explained. Consider a two bus two machine 

system as shown in the Fig. 1.  

 
Fig. 1 A two bus two machine system 

 

Let V1 = |V1|sin(ωt) and 

       V2 = |V2|sin(ωt+δ).                                                            (5) 

The swing equation of the system can be written as                               

                               𝑀
𝑑2𝛿

𝑑𝑡 2 =  𝑃𝑀 − 𝑃𝐸                                         (6) 

where M = angular momentum of the synchronous generator 

           δ = the generator rotor angle. 

For small signal analysis, (6) is linearized as                         

                         𝑀
𝑑2∆𝛿

𝑑𝑡 2 =  ∆𝑃𝑀 − ∆𝑃𝐸                                (7) 

The mechanical input power is assumed to be constant during 

the time of analysis; hence ∆PM = 0. The linearized swing 

equation then becomes  

                       𝑀
𝑑2∆𝛿

𝑑𝑡 2 =  −∆𝑃𝐸                                               (8) 

The electrical power PE transmitted across the line, is given 

by 

                     𝑃𝐸 =  
𝑉1𝑉2

𝑋
sin𝛿                                               (9) 

An incremental change in electrical power is obtained by 

linearizing (9) as 

               ∆𝑃𝐸 =  
𝜕𝑃𝐸  

𝜕𝑉1
∆𝑉1 +  

𝜕𝑃𝐸

𝜕𝑉2
∆𝑉2 + 

𝜕𝑃𝐸

𝜕𝛿
∆𝛿         (10) 

It is further assumed that the sending end voltage is constant; 

thus ∆V1 = 0. Substituting ∆PE from (10) in (8) results in 

              𝑀
𝑑2(∆𝛿)

𝑑𝑡 2 + 
𝜕𝑃𝐸

𝜕𝑉2
∆𝑉2 +  

𝜕𝑃𝐸

𝜕𝛿
∆𝛿 = 0              (11) 

(11) describes the small signal dynamic behavior of the 

system, in which the effect of the STATCOM is represented 

by the middle term. If the STATCOM is operated to maintain 

the voltage V2 strictly constant as is done for voltage control, 

∆V2 becomes zero, in which case (11) reduces to   

                        𝑀
𝑑2(∆𝛿)

𝑑𝑡 2 +  
𝜕𝑃𝐸

𝜕𝛿
∆𝛿 = 0                        (12) 

The characteristics equation corresponding to (12) is      

                        𝑠2 +
1

𝑀
 
𝜕𝑃𝐸

𝜕𝛿
= 0                                       (13) 

The roots of (13) lie on the imaginary axis that result in 

undamped oscillation in the rotor angle δ with a frequency of     

                                            𝜔𝑛 =   
1

𝑀

𝜕𝑃𝐸

𝜕𝛿
                     (14)        

Where  
𝜕𝑃𝐸

𝜕𝛿
 is the synchronizing power coefficient. It is 

clearly evident that STATCOM operating on pure voltage 

control mode is unable to provide any system damping. 

However the STATCOM can contribute to system damping 

if it is allowed to modulate the receiving end voltage V2 

instead of maintaining it strictly constant. Specifically, the 

midpoint voltage can be modulated as a function of  
𝑑(∆𝛿)

𝑑𝑡
, 

that is  

                     ∆𝑉2 = 𝐾
𝑑(∆𝛿)

𝑑𝑡
                                             (15) 

Where K is a constant. Substituting (15) in (11) results in 

modified incremental swing equation  

      𝑀
𝑑2(∆𝛿)

𝑑𝑡 2 +  
𝜕𝑃𝐸

𝜕𝑉2
.𝐾.

𝑑(∆𝛿)

𝑑𝑡
+ 

𝜕𝑃𝐸

𝜕𝛿
∆𝛿 = 0               (16) 

The corresponding characteristics equation is 

                         𝑠2 + 2𝜉𝑠 + 𝜔𝑛
2  = 0                                   (17) 

Where 

                         2𝜉 =  
𝐾

𝑀

𝜕𝑃𝐸

𝜕𝑉2
                                             (18)  

With the introduction of the voltage modulating control, the 

STATCOM transforms the power system into a positively 

damped system. From (17),  it is seen that the roots now lie on 

the left half of the s plane, and any oscillations in the rotor 

angle will decay with time. Such an additional control feature 

is termed auxiliary control, supplementary control, or power 

swing damping control. One effective signal for improving 

system damping, as seen in this analysis is the variation in 

bus frequency f, for it relates to the rotor angle oscillations:  

                            
𝑑(Δ𝛿)

𝑑𝑡
=  ∆𝑓                                          (19) 

An intuitive insight into the mechanism of auxiliary control is 

as follows: at any instant if  
𝑑(Δ𝛿)

𝑑𝑡
 is positive, it is implied that 

the rotor is tending to accelerate from the buildup of the 

kinetic energy within it. This buildup can be alleviated by 

adjusting the STATCOM control so that the generator 

electrical power output is increased during that particular 

time interval, which requires an increase in the STATCOM 

terminal voltage. On the other hand if  
𝑑(Δ𝛿)

𝑑𝑡
 is negative, 

indicating rotor deceleration, the electrical power output of 

the generator must be decreased by reducing the STATCOM 

terminal voltage through damping controller action. The 

auxiliary controllers of the STATCOM greatly enhance the 

flexibility and performance capability of the STATCOM 

without requiring any increase in the rating. 
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IV. SYSTEM STATE MATRIX FORMATION 

The nonlinear system equations developed in the previous 

section are linearized around a selected nominal operating 

point to acquire a set of linearized system equations in matrix 

form of  

                          pX = AX + BU + D                                

                             Y =CX +DU                                        (20) 

Where X is the state vector, Y is the output vector, U is the 

external or compensated input vector, W is the disturbance 

input vector while A .B,C  and D are all constant matrices of 

appropriate dimensions. The state vector can be partitioned 

into three substate vectors as X == [XSGs, XWT-DFIG, 

XSTATCOM]
T
, where XSGs, XWT-DFIG and XSTATCOM are referred 

to the system state vectors of the three SGs, the DFIG-based 

OWF, and the STATCOM, respectively. Here A is the final 

system matrix whose eigen value need to be calculated for 

small signal stability analysis. 

V.SIMULATION RESULTS 

 

The simulation of the proposed system is carried out using 

Power System Analysis Toolbox (PSAT) software on a 

IEEE-9 bus system. Fig. 2 and Fig. 3 shows the simulation of 

the system without and with STATCOM respectively.      

 

Fig. 2 IEEE-9 bus system with DFIG WF connected at bus 5 

The IEEE-9 bus system which was described in detail [12] is 

used to demonstrate the small signal stability analysis of the 

power system with large scale wind turbines. The test system 

shown in Fig. 2 has three generators, providing both active 

and reactive power at Buses 1 and 2, and 3.  Each machine is 

so generally equipped with an Automatic Voltage Regulator 

(AVR). The generators are modelled using subtransient 

models, and loads are modelled as constant power loads (PQ 

load) in PSAT. A 100 MVA DFIG wind farm composed of 

20 individual DFIGs are integrated to the system at bus 5 

through step up transformer as shown in Fig. 2.A 

comparative study of eigen values before and after the 

placement of STATCOM at bus 5 is done . Table I shows the 

eigenvalue of sytem with only DFIG WF connected at bus 5 

for a base wind speed of 15 m/s. It can be observed that the 

eigen values associated with the rotor angle and speed of the 

three synchronous generator lie on the imaginary axis of the s 

plane and is oscillatory stable. Table II shows the eigen value 

of the same system after a sudden increase in the wind speed 

to 17 m/s. It can be observed that the eigen values associated 

with the rotor angle and speed of three synchronous machine 

crosses the imaginary axis and settles on the right half of the s 

plane making the three synchronous machine unstable. It 

causes oscillation in the rotor angle and speed. And also 

fluctuation in the real power that is transferred . If these 

oscillations are allowed to prolong then it results in the 

generator trip and complete loss of stability. Hence it can be 

concluded that integration of wind energy source is a source 

of disturbance unless some compensating technique is 

adopted. Table III shows the eigen value of the system after 

connecting a STATCOM at the bus 5 where the DFIG WF is 

integrated for base wind speed. It can be observed that the the 

eigen values associated with the rotor angle and speed of the 

three synchronous generator  now lies in the left half of the s 

planes making these modes viz., rotor angle and speed stable.  

 

Fig. 3 IEEE- 9 bus system with DFIG WF and STATCOM connected at bus 

5 
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This is due to the modulation of the bus voltage by STACOM 

through feedback of rotor angle deviation signal, instead of 

holding the voltage constant during the disturbance 

condition. We can also observe that the eigen value 

associated with the STATCOM (current injected) is also lies 

on left half of the s plane.  

TABLE I 
EIGEN VALUE OF THE STUDIED SYSTEM UNDER BASE WIND 

SPEED OF 15 M/S 

Eigen Value Most associated states Real 
Part 

Imaginary 
Part 

Eig As# 1 omega_Syn_2, 

delta_Syn_2     

0 12.1948 

Eig As# 2 omega_Syn_2, 
delta_Syn_2     

0 -12.1948 

Eig As# 3 delta_Syn_1, 

omega_Syn_1     

0 8.0337 

Eig As# 4 delta_Syn_1, 
omega_Syn_1     

0 -8.0337 

Eig As# 5 omega_Syn_3 0 0 

Eig As# 6 delta_Syn_3 0 0 

Eig As# 7 vw_Wind_1 -0.25 0 

Eig As# 8 omega_m_Dfig_1 -1 0 

Eig As# 9 theta_p_Dfig_1 -2.5 0 

Eig As# 10 idr_Dfig_1 -1 0 

Eig As# 11 iqr_Dfig_1 -100 0 

 

TABLE II 
EIGEN VALUE OF THE STUDIED SYSTEM  AFTER INCREASING 

WIND SPEED TO 17 m/s 

Eigen Value Most associated states Real Part Imaginary 

Part 

Eig As# 1 omega_Syn_2, 
delta_Syn_2     

0.39825 0.91728 

Eig As# 2 omega_Syn_2, 

delta_Syn_2     

0.39825 -0.91728 

Eig As# 3 delta_Syn_1, 
omega_Syn_1     

0.0042 0.99999 

Eig As# 4 delta_Syn_1, 

omega_Syn_1     

0.0042 -0.99999 

Eig As# 5 omega_Syn_3 -1 0 

Eig As# 6 delta_Syn_3 -1 0 

Eig As# 7 vw_Wind_1 -0.93939 0 

Eig As# 8 omega_m_Dfig_1 -0.77778 0 

Eig As# 9 theta_p_Dfig_1 -0.52381 0 

Eig As# 10 idr_Dfig_1 -0.77778 0 

Eig As# 11 qr_Dfig_1 0.85185 0 

 

Table IV shows the eigen value for the same case of the base 

wind speed with increased STATCOM gain. Again it can be 

observed that the eigen values associated with rotor angle and 

speed of the three synchronous generator lies on the left half 

of the s plane. The proposed STATCOM controller can 

supply better damping characteristics to quickly damp out the 

inherent oscillation of the studied system than the studied 

system without STATCOM controller. 

 

 

 

 

                                    

TABLE III 

EIGEN VALUES OF THE SYSTEM  AFTER INTEGRATION OF 

STATCOM AT BUS 5 

Eigen 

Value 

Most associated states Real Part Imaginary 

Part 

Eig As# 1 ist_Statcom_1 -314.7859 0 

Eig As# 2 omega_Syn_2, delta_Syn_2     -1e-05 12.1931 

Eig As# 3 omega_Syn_2, delta_Syn_2     -1e-05 -12.1931 

Eig As# 4 delta_Syn_1, omega_Syn_1      -0.00199 8.0495 

Eig As# 5 delta_Syn_1, omega_Syn_1      -0.00199 -8.0495 

Eig As# 6 omega_Syn_3, 

delta_Syn_3 

-0.05652 1.2985 

Eig As# 7 delta_Syn_3, 

omega_Syn_3 

-0.05652 -1.2985 

Eig As# 8 omega_m_Dfig_1 -0.5912 0 

Eig As# 9 idr_Dfig_1 -1.0553 0 

Eig As# 10 vw_Wind_1 -0.25 0 

Eig As# 

11 

theta_p_Dfig_1 -2.5 0 

Eig As# 

12 

iqr_Dfig_1 -100 0 

 

TABLE IV 

 EIGEN VALUES OF THE SYSTEM  WITH  INCREASED STATCOM  

GAIN 

Eigen 
Value 

Most associated states Real Part Imaginary 

Part 
Eig As# 1 ist_Statcom_1 -415.7691 0 

Eig As# 2 omega_Syn_2, delta_Syn_2     -1e-05 12.1931 
Eig As# 3 omega_Syn_2, delta_Syn_2     -1e-05 -12.1931 
Eig As# 4 delta_Syn_1, omega_Syn_1     - 0.00146 8.0501 
Eig As# 5 delta_Syn_1, omega_Syn_1     - 0.00146 -8.0501 
Eig As# 6 omega_Syn_3, 

delta_Syn_3 
-0.05652 1.2986 

Eig As# 7 delta_Syn_3, 

omega_Syn_3 
-0.05652 -1.2986 

Eig As# 8 omega_m_Dfig_1 -0.5912 0 
Eig As# 9 idr_Dfig_1 -1.0419 0 
Eig As# 10 vw_Wind_1 -0.25 0 
Eig As# 11 theta_p_Dfig_1 -2.5 0 
Eig As# 12 iqr_Dfig_1 -100 0 

VI. CONCLUSION 

This paper has presented the stability enhancement of a 

DFIG-based WF fed to a multi-machine system using a 

STATCOM. The STATCOM is proposed and is connected to 

the bus of the WF to the multi-machine system. To introduce 

adequate damping in power system, a damping controller for 

the STATCOM has been designed by voltage modulation 

through feedback of rotor can be concluded from the 

simulation results that the proposed STATCOM joined with 

the designed damping controller best damping characteristics 

to improve the performance of the DFIG-based WF fed to the 

studied multi-machine system under different operating 

conditions.angle signal. Eigen value analysis under various 

wind speed operating conditions have been carried to show 

the effectiveness of the designed damping controller for the 

STATCOM. It can be concluded from the simulation results 

that the proposed STATCOM joined with the designed 

damping controller best damping characteristics to improve     

the performance of the DFIG-based WF fed to the studied 

multi-machine system under different operating conditions. 
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