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Abstract—This paper examines the small-signal stability 

impacts of high penetrations of doubly-fed induction generator 

(DFIG) wind turbines on power systems.  It provides a basic 

overview of small-signal stability concepts and then examines 

the response of DFIG generation to two local contingency 

event.  Using the New England 39 bus test system, this paper 

will demonstrate the stability implications of DFIG turbines 

utilizing terminal voltage control and fixed power factor con-

trol in response to reactive and active power loss events.  By 

implementing terminal voltage control strategies in DFIG wind 

turbines, system stability is improved and allows for increased 

levels of wind penetration levels while maintaining a high level 

of system security. 

 
Index Terms--Power system control, Power system dynamic sta-

bility, Wind energy, Wind energy 

I.  INTRODUCTION 

IND generation is becoming a significant contributor 
to power system generation portfolios.  The doubly-
fed induction generator (DFIG) is currently the most 

commonly installed wind turbine in power systems, and will 
fundamentally impact the make-up of the host power sys-
tem.  DFIGs are asynchronous machines that interconnect to 
the AC system via sophisticated power electronic interfaces 
[1].  As the penetrations levels of DFIGs increase, it will be 
critical to assess the impacts of such large levels of DFIGs 
especially in regards to system stability and security. 

One such method of analyzing system stability and secu-
rity is small-signal stability analysis [2]. Small-signal sta-
bility analysis is a mathematical technique that observes the 
changes in the system’s state variables as a result of changes 
in the system’s operating conditions.  In a power system, a 
change in operating condition is brought on by a variety of 
events; a loss of reactive or active power, a fault on a line or 
at a bus.  Since the power system is a highly dynamic and 
fluid system, the operating conditions are constantly chang-
ing.  By quantifying the stability of the system’s operating 
points following a large contingency event, valuable infor-
mation can be gained regarding the system’s stability.  Us-
ing dynamic models for the conventional synchronous ma-
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chine and asynchronous DFIG machines, this paper ex-
amines the influences of DFIGs system stability.  

Most DFIGs on the market have the ability to control 
reactive power production allowing for voltage control of 
the buses in the system.  DFIGs control reactive power at 
either of one of two control modes: fixed power-factor, [3], 
[4], or terminal voltage control [5-8].  When fixed power 
factor is the control mode applied, the reactive power from 
the turbine is controlled to match the active power produc-
tion at a fixed ratio.  When terminal voltage control is em-
ployed, the reactive power production is controlled to 
achieve a target voltage at a specified bus.  Here the impact 
of each control strategy was studied and the resulting change 
in system stability was quantified. 

This paper is divided as follows: Section II provides a ba-
sic overview of the small-signal stability concepts.  Section 
III describes the test system used for the analysis, and Sec-
tion IV presents and discusses the results of the analysis.  
Finally, Section IV will draw conclusions and presents areas 
of future work. 

II.  SMALL-SIGNAL STABILITY CONCEPTS 

A power system can be represented through a set of diffe-
rential equations that quantify the inputs and outputs of the 
system.  The dynamic relationship between the inputs and 
outputs of a power system is non-linear and as a result it is 
very difficult to analyze. As such, in order to analyze the 
system efficiently and accurately, a linearization state-space 
approach is preferred and utilized here.  A linear state-space 
representation of the power system is utilized, i.e. the oper-
ating conditions of all elements within the system at a single 
instant.  As such the linearized state-space model of the 
power system is mathematically represented in (1) [2], [9].  

 
∆Ý x = A∆x + B∆u

∆y = C∆x + D∆u
 (1) 

In (1) x represents the states of the system and u 
represents the inputs of the system. A represents the linea-
rized Jacobian matrix containing all of the state information 
of the elements in the power system. The output of the sys-
tem is represent by y, however in a linearized state-space 
model the stability implications are seen in the changes in 
the state variables, or through the eigenvalues of the A ma-
trix.  The eigenvalues can be solved for using the equation 
seen in (2).  

 
det(A − λI) = 0

for λ1,λ2 ,...,λn  eigenvalues
 (2) 

Along with solving for the eigenvalues, it is also necessary 
to solve for the eigenvectors of A.  The eigenvectors 
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represent the change activity of the eigenvalues in 
such the right eigenvector of is calculated using (3).

 Aφ i = λ iφ i for i = 1,2,...,n  
Similarly, the left eigenvector can be obtained by solving 
(4). 

 ψ i A = λ iψ i for i = 1,2,...,n  
If (3) is differentiated with respect to akj, the element of 
the kth row and jth column, and making the appropriate 
substitutions, the result in (5) is achieved.  

 
∂λ i

∂akk

= ψikφki = Pkk  

The equation in (5) is a product of the left eigenvector
Ψik, and the right eigenvector, �ki. �ki, measures
activity of the ith mode in relation to element 
the mode shape of that particular state variable, i.e. where 
the eigenvalue lies in the stability plane.  
contribution of the eignevalue’s activity to that
how much it contributes to system stability
product of the right and left eigenvectors gives the net pa
ticipation of the mode with respect to a particular element 
within the system and is known as the participation factor of 
the element, (5).  A large participation factor indicates the 
element is contributing significantly to the system,
small participation factor indicates that the element is not 
impacting the system. 

Thus, by examining the participation factor
the mode shape for a given sensitivity, information as to the 
stability of the system can be determined.  The 
will provide the relative stability of the element and is given 
as a complex conjugate pair for a given instant in time as 
(6). 

 (a + jb)e(σ − jω )t + (a − jb)e(σ + jω

The impact of a complex conjugate pair for the mode 
shape is an oscillation within the system.  If this oscillation 
is not damped out, the system could lose stability and co
lapse.  In (6), the real part of the complex conjugate will 
determine how quickly the oscillation will be dampened
of the system; the more negative the real part
er the oscillation will be damped out. A positive real part
the complex conjugate pair represents an increasing oscill
tion that will lead to system instability and collapse
oscillation will occur at a specific frequency
tem and is determined by the imaginary part 
plex conjugate pair in (6). By examining the mode shape for 
a specific perturbation or disturbance, the sensitiv
relative stability of a state variable can be determined.

Since the system under observation is a powe
disturbance will model two separate contingency events: 
first as a loss of reactive power production in an area of the 
system then second as a loss of active power production in 
the same area of the system.  Following these events,
stability of the system will be compared for each of the 
contingency events to the steady-state base case.  This will 
allow for the determination of how the system, and in pa
ticular the DFIG machines, respond to each event.

III.  TEST SYSTEM DESCRIPTION

The New England 39 bus system (NE39) was used as the 
test model in this paper.  The NE39 is an excellent test sy
tem since there are multiple balancing areas an
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Fig. 1.  Single-line diagram of the New England 39 bus system.
 

Fig. 2.  Interconnection method used to model wind farms in the system.
 
the behavior of actual systems.  The single
the NE39 can be seen in Fig. 1.  As seen in the figure there 
are three balancing areas represented.  
farm has been added alongside each of the nine conventional 
generator units in the system resulting in approximately a 
15% wind penetration level as measured by installed system 
capacity.  As such there is a total of 900 MW of installed 
wind generation, 300 MW in each balancing area and can be 
seen in the single-line diagram in Fig. 2.  

The wind farm is directly connected as an aggregated 100 
MW DFIG wind turbine at a 0.4 kV bus.  
model is a standard dynamic model of the GE 1.5 MW 
DFIG wind turbine [10].  The 0.4 kV bus is the connected to 
a 20 kV collector bus through a step-up transformer.  The 20 
kV bus is then connected to another 20 kV step
a 5 km transmission line.  Finally, the 20 kV step
connected to the 110 kV transmission bus using another 
transformer. The wind farm interconnection was modele
this manner to represent the losses and the distance of inte
connection to the system that occur in practice.

This paper will focus on the behavior of Area 1 of the 
system in response to varying contingency events.  
the conventional generation units unit at bus 30 in Area 1 
has been split into two units; one purely producing 
power output of 200 MW and the other 
power output of 125MVAr.  The remaining units in the 
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Fig. 2.  Interconnection method used to model wind farms in the system. 
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system are model as conventional synchronous generators 
that produce both active and reactive power.  By modeling 
the unit at bus 30 as two individual units the response could 
be observed for explicit active and reactive power losses. 

IV.  RESULTS 

This section will present and discuss the results of small-
signal eigenvalue analysis completed for the two DFIG wind 
turbine voltage control strategies; first the stability of the 
system with terminal voltage control and then with fixed 
power factor control. 

A.  Stability with Terminal Voltage Control 

Three cases were studied with the DFIG turbines imple-
menting terminal voltage control for three contingency 
events.  The terminal voltage control was applied at the 20 
kV collector bus connected to the wind farm across th trans-
former as seen in Fig. 2. These analyses were all completed 
using the DSATools software package, in particular the 
SSAT suite [11].  The first case was a base-case assessment 
with no contingency event.  The remaining two cases mod-
eled observed the impact of a loss of reactive power (Gen Q 
30 Out) and active power (Gen P 30 Out) at bus 30.  By 
completing a full eigenvalue analysis many modes were 
calculated for each contingency.  Many of the modes had no 
impact on the system, however there were three DFIG oscil-
latory modes with low dampening ratios that were observed 
in Area 1 that were significant through each contingency.  
These modes can be seen in Table I for the base case scena-
rio. 

TABLE I 
DFIG OSCILLATORY MODES IN BASE-CASE 

Real Imaginary 

Frequency 

(Hz) 

Damping 

(%) 

Dominant 

DFIG 

-0.707 11.9141 1.8962 5.92 30 
-0.7027 11.91 1.8955 5.89 37 
-0.6966 11.9021 1.8943 5.84 38 

 

As seen in Table I, the three oscillatory modes in Area 1 
occur around 1.9Hz and have dampening ratios of less than 
6%.  These low frequency oscillations are crucial and how 
they change in response to contingency events will deter-
mine the stability of the NE39 system.  Also presented in the 
table along side the frequency of oscillation and dampening 
are the real and imaginary parts of the eigenvalue and the 
DFIG machine that is most prevalent in the mode from Area 
1.  Using these modes as the base case values, the results 
were compared to the first contingency event, a loss of reac-
tive power production. 

TABLE II 
DFIG OSCILLATORY MODES IN REACTIVE POWER LOSS 

CONTINGENCY (GEN Q 30 OUT) 

Real Imaginary 

Frequency 

(Hz) 

Damping 

(%) 

Dominant 

DFIG 

-0.7013 11.9084 1.8953 5.88 30 
-0.7043 11.9124 1.8959 5.9 37 
-0.6963 11.9019 1.8942 5.84 38 

As observed from Table II, the mode with DFIG at bus 30 as 
the dominant state, located at the nearest to contingency 
event, responds with a lowered dampening ratio, 5.88% for 
the event, in comparison to the base case of 5.92%.  This 
indicates that the stability of the mode has decreased and has  

 
Fig. 3.  Participation factor of DFIG machines employing terminal voltage 
control during the three cases. 
 
become more oscillatory.   A decrease in the dampening 
ratio will result in an increased period of oscillation and 
could cause system instability.    

Next the 200 MW active power unit at bus 30 was 
dropped and the low frequency oscillatory modes were ob-
served and can be seen in Table III. 

TABLE III 
DFIG OSCILLATORY MODES IN ACTIVE POWER LOSS 

CONTINGENCY (GEN P 30 OUT) 

Real Imaginary 

Frequency 

(Hz) 

Damping 

(%) 

Dominant 

DFIG 

-0.6996 11.9079 1.8952 5.87 38 
-0.7044 11.9129 1.896 5.9 37 
-0.6923 11.8999 1.8939 5.81 38 

 
In Table III, the mode that was previously dominated by 

the state of the DFIG at bus 30 has changed and now the 
DFIG at bus 38 is the dominant state associated with the 
mode.  This is most likely due to the fact that the DFIG at 
bus 30 is at its maximum power production and cannot 
respond to the event by increasing its power output.  How-
ever, since terminal voltage control is employed, the DFIG 
at bus 38 contributes to the modes using reactive power in 
order to maintain stability.  This is confirmed by observing 
the participation factors of the modes for the events.  The 
participation factors of each event were plotted to see the 
contribution of each machine and can be seen in Fig. 3.   

In Fig. 3 it can be observed that for the in the first two 
scenarios, the base case and a loss of reactive power, the 
DFIG at bus 30 participates the most in the mitigation of the 
event.  This is due to the close proximity of the DFIG at bus 
30 in relation to the event.  However for the final scenario, 
the loss of an active power unit, the DFIG at bus 38 partici-
pates the most.  As discussed earlier this is most likely due 
to the fact the active power production in all the DFIG ma-
chines was at maximum and as a result, the DFIG at bus 38 
contributes reactive power to help keep the voltages robust 
during the contingency.  Although, it is no longer the domi-
nant state in the mode, the DFIG at bus 30 is still providing 
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a large level of support as observed from the plot.  The par-
ticipation factors demonstrate the impact of enabling ter-
minal voltage control; DFIGs with the control enabled can 
provide mitigation support within the area and help maintain 
system stability.   

B.  Stability with Fixed Power Factor Control 

In the next set of simulations, the control mode of the DFIG 
was switched to operate at a fixed power factor rather than 
provide terminal voltage control.  Following this change in 
control strategy, the same three contingency events were 
carried out in simulation.  The modes associated with the 
three DFIG machines during the base case scenario are seen 
in Table IV.  

TABLE IV 
DFIG OSCILLATORY MODES IN BASE CASE 

Real Imaginary 

Frequency 

(Hz) 

Damping 

(%) 

Dominant 

DFIG 

-0.7091 11.9238 1.8977 5.94 30 
-0.706 11.9186 1.8969 5.91 37 

-0.7008 11.9118 1.8958 5.87 38 

 
The modes appear slightly more robust in comparison to the 
terminal voltage case.  This is likely due to the fact that 
DFIGs employing fixed power factor control have less ac-
tivity in the system.  They are relatively independent from 
the rest of the system since the control of reactive is only 
impacted by the active power output of the turbine.  When 
terminal voltage control is employed, the DFIGs must react 
to the other voltages in the system.  As a result, the modes 
associated with the DFIGs in Area 1 show slightly higher 
levels of stability. These base case modes were then com-
pared to the modes during the reactive power contingency 
event, seen in Table V. 

TABLE V 
DFIG OSCILLATORY MODES IN REACTIVE POWER LOSS 

CONTINGENCY (GEN Q 30 OUT) 

Real Imaginary 

Frequency 

(Hz) 

Damping 

(%) 

Dominant 

DFIG 

-0.6972 11.9225 1.8975 5.84 301 
-0.704 11.9204 1.8972 5.9 371 

-0.7007 11.9126 1.8959 5.87 381 

 
In Table V, the mode that experiences the largest shift is the 
mode dominated by the DFIG at bus 30.  The dampening 
drops from 5.94% to 5.84% and the real part of the eigenva-
lue increases from -0.7091 to -0.6972.  Both of these 
changes indicate that the mode has become less stable.  This 
shift in the mode is consistent with the DFIGs’ current con-
trol strategy of fixed power factor control.  Unlike the DFIG 
employing the previous control strategy, terminal voltage 
control, the DFIG at bus 301, cannot respond to the event by 
increasing its reactive power production.  This leads the 
mode to indicate that there is a lower level of stability in 
Area 1 as a result of a reactive power loss.  The DFIGs re-
spond in a similar manner to the real power loss contingency 
as well.  The changes in the low frequency modes that occur 
as a result of the loss of active power can be seen in Table 
VI. 

 In Table VI the mode dominated by the DFIG at bus 30 
shows nearly the same level of dampening as in the base 
case, 5.92% to 5.94%.  In comparison to the reactive power  

 
Fig. 4.  Participation factor of DFIG machines employing fixed power 
factor control during the three cases. 
 
loss contingency, the mode shows a noticeable improved 
stability.  This is due to the fact that the conventional units 
can balance a loss of active power across the system by 
increasing power production.  It is more difficult to react to 
a reactive power loss since the MVArs closest to the event 
would respond first.  However, since the DFIGs are operat-
ing at a fixed power factor, the reactive power out of the 
machine will stay constant.  As in the previous section this 
is confirmed by the plot of the participation factors seen in 
Fig. 4. 

TABLE VI 
DFIG OSCILLATORY MODES IN ACTIVE POWER LOSS 

CONTINGENCY 

Real Imaginary 

Frequency 

(Hz) 

Damping 

(%) 

Dominant 

DFIG 

-0.7068 11.9219 1.8974 5.92 301 
-0.6987 11.9111 1.8957 5.86 371 
-0.7035 11.9178 1.8968 5.89 381 

 
 In Fig. 4, the only the DFIG that is participating signifi-
cantly in mitigating the contingency events is the DFIG 
located at the same bus as the event, the DFIG at bus 30.  
This implies that fixed power factor control isolates the 
DFIG from the rest of the system and support must be pro-
vided by the other conventional units in the system. 

V.  CONCLUSION 

As demonstrated here, the manner in which DFIGs are 
operated will have a significant impact on system stability.  
DFIGs employing terminal voltage control can participate 
within the area and help mitigate the contingency event.  By 
providing reactive power support, DFIGs with terminal 
voltage control will increase the dampening ratios of the low 
frequency modes associated with DFIG wind turbines and 
increase the stability of the system.  In comparison, DFIGs 
that operate with fixed power factors provide no real support 
in mitigating the event.  The DFIGs are constrained locally 
and when operated with fixed power factors decrease the 
stability of the system. 
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As wind penetrations increases in systems it will

cal to assess the impacts of the asynchronous generation 
system stability.  Small-signal stability analysis 
nique that can quickly and accurately assess the
variety of contingency events on power system stability.  
Using small-signal stability analysis in conjunction with a 
transient stability analysis tool, a study that comprehensiv
ly assess system stability can be achieved.  For future st
dies, a transient stability tool, TSAT [12], will be used to 
complete time domain simulations that show how the co
tingency events impact the system. 
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