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Abstract— This paper investigates the small-signal stability of 

grid integrated Doubly Fed Induction Generator (DFIG) based 

Wind Turbine Generator (WTG) and Photovoltaic (PV) system. 

The short-circuit study is conducted for the New England 39-bus 

system using DIgSILENT PowerFactory software. The 

short-circuit study and dynamic simulation are performed for the 

study system with distributed generators. Furthermore, the 

eigenvalues are computed for the various damping level of 

synchronous generators. The influence of negative damping of 

synchronous machine with PV generator, DFIG based WTG in 

the study system is investigated. The eigenvalue analysis results 

shows that due to negative damping of synchronous generator the 

system become unstable even with PV generator and DFIG based 

WTG in the system. The time domain simulation results show that 

real power generation of the synchronous generator is decreased 

due to negative damping and its reactive power generation is 

increased.  

 

Keywords: Synchronous generator, Doubly Fed Induction 

Generator, PV generator, Small- signal stability, short-circuit 

analysis,Transient stability 

I. INTRODUCTION 

Advent of new renewable energy sources with sophisticated 

control system enables to integrate easily with grid network 

for power generation. The integration of such renewable 

energy sources significantly contributes on short circuit fault 

current [1]. The power evacuation from the renewable 

energy source is limited by the low short circuit power of the 

grid network. The experimental model of PV generator is 

proposed for stability studies and it is validated for a real 

time system [2]. Experimental work investigates the 

interaction between PV generator and grid network. The 

oscillatory instability of the power system is investigated 

with large scale PV generation [3]. The PV characteristics 

equation of practical solar cell is considered without parallel 

resistance. The small-signal stability analysis of IEEE-14 

bus system is conducted and the results show that the system 

is unstable. When the PV generation is installed at bus 14, 

the stability of system is improved. In addition, the damping 
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ratio of critical modes is analyzed considering the different 

irradiation level. It is observed that the PV generation with 

different irradiation level, there is no significant change in 

the location of critical modes in eigenvalue plot. Also the 

study is extended to PV  

 

generation installation at single and scattered location. In 

[4], the small-signal stability is conducted for a distribution 

network with dq-control based PV generator. The inner 

current loop of dq-control provides immunity to PV 

generation due to its non-linear characteristic and also 

avoids external faults. The adopted dq-control ensures that 

the PV dynamics are not influenced by network. The 

small-signal stability of 16-bus distribution networks with 

renewable energy sources is investigated [5].  

The network consists of single PV generator, an induction 

generator and two synchronous generators. The shunt 

capacitor is used for reactive power compensation at 

induction generator bus. Such capacitor banks are also 

enhances the small-signal stability of the system and control 

methodology is proposed [6].  Controllable capacitor is 

identified from controllable index and additional controller 

for damping is derived from observability index. The results 

illustrates that the control methodology improves the 

small-signal and large signal stability of the system.  The 

eigenvalue properties of Doubly Fed Induction Generator 

(DFIG) with respect to power system parameters, operating 

points and grid strengths are investigated. The effect of 

radiation pattern, size and location of Photovoltaic (PV) 

generator for power system stability issue is analyzed. Some 

of the authors investigated the small-signal stability of the 

power system with fixed-speed and variable speed based 

wind turbine generators [7-11]. An 11-bus system with 

doubly fed asynchronous wind turbine generator based wind 

farm is investigated for small-signal stability [8]. The 

damping of rotor oscillation during increased power 

penetration of wind farm is studied. The result shows that 

there is a significant reduction of damping of power 

oscillation due to voltage controller. 

In this paper, the small-signal stability of power system is 

analyzed including wind turbine generator and PV 

generator. The renewable energy sources are installed at 

weak buses and the eigenvalues are analyzed at different 

power penetration levels. In addition, the time domain 

simulation is conducted 

for the renewable energy 

integrated power system. 
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The paper is organized on follows. Section II contains a 

discussion of various power system components and its 

modelling. Section-III describes the study system. Section 

IV contains the short circuit analysis and dynamic analysis 

of the study system. Finally, the section-V concludes the 

work. 

II. MODELING OF POWER SYSTEM 

COMPONENTS 

The study system consisting of ten conventional 

synchronous generators, transmission lines transformers, 

loads and distribution generators such as DFIG based WTG 

and PV system. In this section, the modelling of the various 

power system components is discussed.  

2.1 Modelling of Synchronous generator 

The mathematical model of synchronous machine is 

adopted from [12]. The stator and rotor winding equation is 

arrived based on the synchronous reference frame with 

q-axis leading d-axis by 90
0
 in the direction of rotor rotation. 

In addition, the two-axis diagram approach for synchronous 

generator model is given in [13] which are easy to remember 

the qd-axis voltage equations. In this paper, the IEEE Type 1 

Static exciter model is used for voltage regulation of the 

synchronous generator [14].  

2.2 Modelling of PV system  

The mathematical model of grid integrated PV generating 

system and its controller is investigated for small-signal 

stability and voltage stability [15-17]. The grid integrated 

PV generating system with controller is shown in Figure 1 

that consists of PV module, controller, battery and DC/AC 

inverter. The PV generator is modelled either voltage source 

or current source for stability studies. In this work, the 

current source model of PV generating system is used for 

dynamic simulation. The complete model of the PV 

generator is implemented in DIgSILENT Simulation 

language (DSL) is shown Figure 2 and more details given in 

[18].  

 

Figure 1 Block diagram of grid integrated PV system 

[18] 

 

 
Figure 2 DSL model of PV system in DIgSILENT 

PowerFactory [18] 

2.3 Modelling of DFIG based wind turbine generator  

The DFIG enabled WTG with flexible power electronic 

controls provides ease of grid integration, extract optimum 

power form the wind and enhance the stability of the system. 

The complete sketch of DFIG based WTG is given in Figure 

3. The stability model the WTG is described in [19, 20]. 

 
Figure 3 Grid integrated DFIG based wind turbine 

generator system 
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Figure 4 The New England 39 bus system with renewable energy sources 

III. STUDY SYSTEM DESCRIPTION 

The New England 39 bus is used as study system in this 

work and the system data is found in [21]. The study system 

is modified as shown in Figure 4 considering a 5 MVA PV 

generator and a 2.3 MW DFIG based WTG installed at bus 

33 and bus 40 respectively. The data for the PV generator 

and DFIG based WTG are given in Appendix Table A.1. 

The steady state condition of the system is obtained by 

exploiting Newton Raphson technique for the power flow 

equations. The power flow solution is computed and the 

total generation of the system is 6140.8 MW and 1250.37 

MVAR. Also the real and reactive power losses in the 

system are 43.71 MW and -158.53 MVAR (surplus) without 

considering the distributed generators.  The real and reactive 

power generation of the system is 6141.60 MW and 1254.94 

MVAR. The total losses incurred in the system are 44.50 

MW and -153.96 MVAR (surplus). It is found that the 

reactive power loss is decreased in the system due to the 

presence of the distributed generators. However the real 

power loss of the system is increased due to congestion in 

the transmission line. 

 

 

IV. SHORT-CIRCUIT STUDY AND DYNAMIC 

STABILITY STUDIES 

The short-circuit study, small-signal and large signal 

study are conducted for the modified New England 39 bus 

system with and without distributed generators. The 

following sections discuss the study in detail.  

4.1 Fault level of the New-England 39 bus system 

In this section, the short-circuit study of two different 

cases of with and without distributed generator in the study 

system are analyzed. The fault level is arrived at the various 

buses of study system.  The Figure 5 shows fault level at the 

different buses except slack bus. The reference bus is 39 and 

its fault level is 577 p.u. The study is extended to the 

modified New England 39 bus system and it is found PV 

generator is not contributing fault level of the connected bus 

33 significantly. However the fault level is high at the 

connected bus no. 33 and here the coupling transformer is 

not used for integration of PV generator. Furthermore the 

fault level at the DFIG based WTG connected new bus 40 

has the value of 0.64 p.u. The short-circuit study reveals that 

the weak bus in the study system is bus 12 as shown Figure 

5. 
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Figure 5 Fault level at different buses except bus 39 

(slack bus) 

4.2 Small-signal formulation with renewable energy 

system and results.   

Small-signal stability is finding the ability of power 

system to with stand small changes around the operating 

point. 

 ̇   (       )           (1) 

   (       )           (2) 

where   is the n-first order non-linear differential 

equation,   is the m-nonlinear algebraic equation,   is input 

variable,   is n-state variable,   is m-output variable,   is 

uncontrolled parameter and   is controllable parameter of 

study system. 

The Differential Algebraic Equations (DAE) of the 

associated power system components are linearized at the 

equilibrium operating condition and the algebraic variables 

are eliminated and the state matrix is deduced for the study 

system as discussed in [22]. The following generalized state 

equation of the study system is yielded.  

  ̇                    (3) 

                      (4) 

The A-matrix of the complete study system is yielded by 

solving Equ. (3) and Eq.(4). 

                 (      )
  
       

where        (
  

  
)     is the partial derivative of   with 

respect to  ,        equilibrium point. 

and                             are other partial 

derivatives 

In this section, the small-signal stability study is 

conducted for the following cases pertaining to the negative 

damping of Synchronous Generator (SG) number 4 and 5. In 

Case 1, the additional damping of both SG-4 and SG-5 are 

accounted as –10 p.u. In case 2, the additional damping of 

SG-4 is -20 p.u and SG-5 is -10 p.u are considered. 

Similarly, In case 3, the additional damping of SG-4 is 

assigned as -10 p.u and SG-5 is taken as -20  p.u. The 

eigenvalue plot is plotted 

4.2.1 CASE 1: PV integrated at Bus 33 and additional 

damping of SG4, SG5 are -10 p.u 

The generator 4 and 5 is connected at bus 33 and bus 34 

respectively. The small-signal stability is assessed for the 

study system considering the installed capacity of PV at the 

bus 33 is 5 MVA with operating power factor 0.9. It is 

observed that the system is marginally stable when the 

additional damping of the both generators number 4 and 5 is 

taken -10 p. u. Most of the eigenvalues are lies in left half of 

the real-imaginary plane as shown in the Figure 6.  

 
Figure 6 Eigenvalue plot for the CASE-1 (Stable) 

4.2.2 CASE 2: SG4 Kd=-20 and SG5 Kd=-10  with PV 5 

MVA generation at Bus 33 

Now the additional damping of the generator 4 is adjusted 

as -20 p.u but the PV penetration is not altered in the bus 33. 

The small-signal stability results of the study system 

revealed that the system is unstable due to negative damping 

effect of the generator 4. The pair of eigenvalue is located in 

the right half of the real-imaginary plane as shown in the 

Figure 7. 

 
Figure 7 Eigenvalue plot for the CASE-2 (Unstable) 
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4.2.3 CASE 3: SG4 Kd=-10 and SG5 Kd=-20  with PV 5 

MVA generation at Bus 33 

In this case, the generator no.4 damping value is taken as 

-10 p.u. and generator no.5 damping value is considered as 

-20 p.u.  The small-signal stability of the study system is 

conducted and it is found that the system is marginally 

stable. Most of the eigenvalues are situated in left half of the 

real-imaginary plane as shown in the Figure 8. 

 
Figure 8 Eigenvalue plot for the CASE-3 (Stable) 

V. TIME DOMAIN SIMULATION STUDY & 

RESULTS 

The time-domain simulation of modified 39 bus system is 

conducted in DIgSILENT PowerFactory 16.0. The time 

series of steady temperature (25 
0
C) and irradiation (1400 

W/m
2
) of PV system is considered for the time domain 

investigation. A balanced three phase to ground fault is 

applied at 1 second in weak bus 12 and the fault is 

self-cleared at 1.1 second with the total duration of 5 second 

simulation. 

The dynamic responses of generator 4 connected at bus 20 

is observed and the active power, reactive power and its 

terminal voltage are plotted as shown Figures (9)-(11).V. 

 

 

Figure 9 Time domain response of active power at 

Generator 4 for all three cases 

 

 
Figure 10 Time domain response of reactive power at 

Generator 4 for all three cases. 

 

 
Figure 11 Response of terminal voltage at Generator 4 

for all three cases. 

 

With the evident of the time domain responses as shown 

in Figures (9) – (10), the real power and reactive power 

generation of SG-4 is affected due to its negative damping 

for the case-2. The real power generation is decreased and 

reactive power generation is increased before and after the 

fault as compared to other cases (1&2). Furthermore the 

sustained power oscillation is observed in real and reactive 

power response of the SG-4 for the all cases. However the 

terminal voltage response 

of the SG-4 is same for all 

three cases. 
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VI. CONCLUSION  

In this paper the stability assessment of the renewable 

energy integrated in power system is investigates. The weak 

bus is identified by short-circuit study. A 5 MVA PV 

generator and a 2.3 MW DFIG based WTG are accounted in 

the study system. The small-signal stability is conducted for 

the study system with PV generator and DFIG based WTG 

and accounting the negative damping of SG-4 and SG-5. 

The system is unstable due to negative damping of SG-4 and 

at the same bus PV generator is integrated. Also the PV 

generator and DFIG based WTG are not damping out the 

power oscillation. In addition, it is observed that with the 

evident of time-domain simulation, the real power 

generation of the SG-4 is decreased due to negative damping 

and its reactive power generation is increased.  

Appendix 

Table A.1 Data for the DFIG based WTG & PV generator 
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