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Abstract. Control systems of wind generators are usually 
designed neglecting the effect of the external grid (the 
impedance of the grid is much smaller than the 
impedance of the step-up transformers). Wind generator 
manufacturers are facing considerable challenges when 
connecting their machines to weak systems. A number of 
issues may arise. This paper classifies them and proposes 
a common approach to address them. 
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1 Introduction 
Control systems of wind generators are usually designed 
neglecting the effect of the external grid (the impedance 
of the grid is much smaller than the impedance of the 
step-up transformers). Wind generator manufacturers are 
facing considerable challenges when connecting their 
machines to weak systems. Weak systems are 
characterized by low short circuit ratio and/or low inertia. 
The question from the viewpoint of a wind generator 
manufacturer is how to squeeze the generator controls to 
maximize wind generation in a given point of connection. 
 
A number of issues may arise in the systems with low 
short circuit ratio: subsynchronous oscillations, harmonic 
amplification, voltage stability and controller interaction. 
This paper describes models and methods developed in 
research projects for wind generation equipment 
manufacturers.  
 
The paper is organized as follows. Section 2 reviews the 
features of weak systems. Section 3 summarizes 
phenomena arising in wide area systems. Section 4 
proposes a set of test systems to investigate the 
phenomena of interest. Section 5 describes the developed 
simulation models. Section 6 details the study method. 
Section 7 provides some results of the investigation of 
one of the phenomena of interest. Section 8 provides the 
conclusions of the paper. 
 
2 Weak systems 
According to [1], an AC system is weak at the point of 
connection when any of the following conditions are met 
 

• The short circuit ratio is low 
• The mechanical inertia is low 

 
The short circuit ratio (SCR) is the short circuit capacity 

scS  in per unit and also the inverse of the short circuit 

impedance scX  [2]. 
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In case of remote wind generation, the short circuit 
impedance is very much related to the length and the 
nominal voltage of the connecting transmission system. 
As a matter of fact, the series reactance in per unit of a 
transmission line is proportional to its length l  and to the 
inverse of the square of its nominal voltage nU . 
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Frequency deviation is governed by the inertia of the 
rotating mass of generators and the response of the 
primary frequency regulation [3]. Fig. 1 depicts a model 
for investigating frequency dynamics which includes not 
only rotor and primary frequency regulation dynamics 
but also frequency load-shedding protection scheme. 
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Fig. 1: Model for investigating frequency dynamics. 

 
Assuming enough reserve and no activation of load-
shedding, the steady state frequency deviation after a 
generation trip P  is 
 
 ( ) R Pω∆ ∞ = − ⋅  
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It should be noted that the steady state frequency 
deviation does not depend on the inertia H  of the 
rotating masses. In contrast, the initial rate of change of 
frequency does 
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Fig. 2: Comparison of the frequency excursion in a large interconnected 

system and in an island system. 
 
Fig. 2 compares the frequency excursion in a large 
interconnected system and in an island system. A 3,000 
MW generation loss is considered in a large 
interconnected system (300,000 MW system) while a 100 
MW generation loss is considered in an island system 
(1,000 MW system). It must be noted that frequency 
excursions in large interconnected systems is very much 
small assuming ideal performance of primary frequency 
regulation. Moreover, in both cases the minimum 
frequency (frequency nadir) is well above the typical 
setting of underfrequency load shedding schemes (49 
Hz). 
 
This paper will be focused on weak systems arising in 
large interconnected systems that exhibit low short circuit 
ratio. 
 
3 Phenomena in low short circuit ratio 

systems 
Four phenomena can arise in low short circuit ratio 
systems: 
 

• Subsynchronous oscillations. 
• Harmonic amplification. 
• Voltage stability. 
• Controller interaction. 

 
Subsynchronous resonance may occur in turbogenerators 
(synchronous generators driven by steam turbines) 
connected to the grid through series compensated lines 
(see Fig. 3) [4]. The natural oscillation of the series LC 
circuit is seen by the synchronous generator rotor as two 
natural oscillations of subsynchronous and 
supersynchronous frequencies respectively according to 
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Fig. 3: Single line diagram of a generator connected through a series 

compensated line to an infinite bus. 
 
The frequency of the subsynchronous oscillation may be 
close to a torsional frequency of the rotor making it 
unstable. Fig. 4 depicts the multi-mass model of a 
turbogenerator that exhibits torsional oscillations among 
turbogenerator masses. In addition, the subsynchronous 
frequency may be unstable itself resulting in induction 
generator behavior. Subsynchronous oscillations have 
occurred in wind farms connected through series 
compensated lines ([5], [8]) resulting in electrical failures 
in contrasts to the mechanical issues that arise in 
subsynchronous resonance of synchronous generators. 
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Fig. 4: Multi-mass model of a turbogenerator. 

 
Harmonic amplification may occur due to a shunt 
capacitor bank installation (see Fig. 5). As a matter of 
fact, large harmonic voltages can arise due to harmonic 
currents when the equivalent impedance seen from the 
harmonic sources (the parallel of grid impedance and the 
capacitor bank reactance) is very large. The equivalent 
impedance would be infinite for a harmonic of order 
 

 1C sc

L CL C

X S
h

X QX B
= = =  

 
where scS  is the short circuit capacity at the point of 

common coupling and CQ  is the rated reactive power 

supplied by the shunt capacitor bank. 
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Fig. 5: Equivalent circuit to study harmonic amplification due to a shunt 

capacitor bank. 
 
Fig. 6 depicts the grid reactance, the capacitor reactance 
and the equivalent reactance as a function of the 
harmonic order. Wind generator type 3 and type 4 are 
harmonic sources and wind farms make use of shunt 
capacitor banks to comply with the reactive power 
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requirements. Hence, wind farms are subject to harmonic 
amplification [9]. 

 
Fig. 6:  Grid reactance, capacitor reactance and equivalent reactance as 

a function of the harmonic order. 
 
Voltage stability is concerned with the ability of 
generators to supply the loads at admissible voltage 
ranges [10]. Voltage stability is related the maximum 
power transfer capability of a circuit. When a generator is 
connected to an infinite bus (Fig. 7), the maximum power 
transfer capability is provided by the maximum of the 
power-angle characteristic (Fig. 8) which is the inverse of 
the line reactance assuming rated voltages. 

 

 
Fig. 7: Equivalent circuit of a generator connected to an infinite bus. 

 

 
Fig. 8: Power – angle characteristic of a generator connected to an 

infinite bus. 
 
In contrast, when a generator is feeding a load (Fig. 9), 
the maximum power transfer capability is provided by 
the PV curves (Fig. 10). It must be noted that for a unity 
power factor load the maximum power transfer capability 
in 0.5 the maximum power transfer when the generator is 
connected to an infinite bus. 

 

 
Fig. 9: Equivalent circuit of a generator feeding a load. 

 
Voltage stability may also constraint the ability of wind 
generation to deliver its output through long transmission 
systems ([12]-[14]). 
 

Statcoms are frequently are installed at the medium 
voltage bus of wind farms for voltage and reactive power 
control as shown in Fig. 11. In such situations, interaction 
between wind generators controls and Stacom controls 
may occur. 
 

N
o
rm
a
li
z
e
d
 v
o
lt
a
g
e
 v
 =
 V
/E

 
Fig. 10: PV curves for several load power factors. 
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Fig. 11: Example of controller interaction. 

 
4 Test cases 
The study of each phenomenon under investigation 
requires the use of a specific test case. Fig. 12 shows the 
proposed test case for investigating subsynchronous 
oscillations. A wind generator is connected to an infinite 
bus through a series RLC circuit. The reactance of the 
series capacitor is usually expressed as a factor of the 
reactance of the series inductor. 

 
Fig. 12: Test case for investigating subsynchronous oscillations. 

 
Fig. 13 shows the test case for investigating harmonic 
amplification. A wind generator is connected to an 
infinite bus through a RLCRL circuit. 

 
Fig. 13: Test case for investigating harmonic amplification. 

 
Fig. 14 shows the test case the test case for investigating 
voltage stability. A wind generator is connected to an 
infinite bus through a RL circuit. 

 
Fig. 14: Test case for investigating voltage stability. 

 
Fig. 15 shows the test case the test case for investigating 
controller interaction. A wind generator is connected to 
an infinite bus through a RLRL circuit. 
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Fig. 15: Test case for investigating controller interaction. 

 
5 Simulation models 
There are three modeling options when developing 
simulation models for investigating the phenomena of 
interets: 
 

• Electromagnetic transients including switches of 
power electronic converters. 

• Electromagnetic transients with ideal models of 
power electronic converters. 

• Electromechanical transients. 
 
We have chosen an electromagnetic model with ideal 
models of power electronic convertes since they allow 
not only to perform time domain simulations but also 
eigenvalue and frequency domain analysis of the 
linearized model. In addition, we have adopted a modular 
representation. A module is used to represent the wind 
generator and one or several modules to represent the 
grid. 
 
Fig. 16 shows the Matlab/Simulink model for 
investigating subsynchronous oscillations. There are 
three components: the wind generator (solid box), the 
RLC grid (dashed box) and the point of common 
coupling. 

Q_ref

Vdc_ref

Q_ref

 
Fig. 16: Model for investigating subsynchronous oscillations 

 
Fig. 17 shows the Matlab/Simulink model for 
investigating harmonic amplification. There are three 
components: the wind generator (solid box), the RLCRL 
grid (dashed box) and the point of common coupling. 

 
Fig. 17: Model for investigating harmonic amplification. 

 

Fig. 18 shows the Matlab/Simulink model for 
investigating voltage stability. There are three 
components: the wind generator (solid box), the RL grid 
(dashed box)  and the point of common coupling. 
 
Fig. 19 shows the Matlab/Simulink model for 
investigating controller interaction. There are six 
components the wind generator (solid box), the Stacom 
(solid box), two RL grids (dashed box) and two points of 
coupling. 

 
Fig. 18: Model for investigating voltage stability. 
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Fig. 19: Model for investigating controller interaction. 

 
6 Study method 
Simulation models presented in the previous section 
results in set of non-linear differential equations  
 

 
( )
( )

, ,

, ,

=

=

x F x u η

y G x u η

&
 (2) 

 
where x  is the vector of state variables, u  is the vector 
of input variables, y  is the vector of output variables, η  

is a vector of parameters and F  and G  are vectors of 

non-lineas functions. An operating point ( )0 0,x u  is an 

equilibrium point when 
 
 ( )0 0, ,=0 F x u η  
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If equations (2) are linearized around the ( )0 0,x u  

equilibrium point, they result in 
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Or in a more compact form 
 

 
∆ = ∆ + ∆
∆ = ∆ + ∆

x A x B u

y C x D u

&
 (3) 

 
The stability of the linear system (3) can be assessed by 
inspecting the solution to the undriven system (also 
called homogeneous solution) 
 

 ( ) ( ) ( )
1

0 0i

N
tt T

i i
i

t e eλ

=

 ∆ = ∆ = ∆ ∑Ax x v w x  (4) 

 
where iv  and iw  are respectively the right and left 

eigenvectors corresponding to the eigenvalue iλ  of the 

state matrix A  are defined according to 
 
 i i iλ=Av v  

 T T
i i iλ=w A w  

 1T
i i =w v  

 
Hence, the inspection of (4) allows to drawn the 
following results 
 

• The solution is the sum of N components 
corresponding, each corresponding to each 
eigenvalue. 

• A real negative (positive) eigenvalue means an 
exponentially decreasing (increasing) monotonic 
behaviour (see Fig. 20). 

• A complex eigenvalue of negative (positive) real part 
means an exponentially decreasing (increasing) 
oscillatory behaviour (see Fig. 20). 

• The components of the right eigenvectors inform 
about the relative activity of a variable in an 
eigenvalue. 

• The components of the left eigenvectors weight the 
initial conditions in an eigenvalue. 

 
The relationships between eigenvalues and state variables 
can be further investigated putting together the 
information provided by right and left eigenvectors. The 
participation factor of the j-th variable in the i-th mode is 
defined as [15] 
 
 ji ji jip w v=  

 
In addition to the eigenvalue analysis, the frequency 
response may be useful. The frequency response of the 

transfer function between the l-th input and the k-th 
output can be calculated as 
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Fig. 20: Stability and eigenvalue location in the complex plane. 

 
Fig. 21 provides an overview of the study method. The 
first step consists of calculating the equilibrium point. 
Non-linear time domain simulation can be performed. In 
addition, the linear model model can be calculated and 
then eigenvalue analysis and frequency response 
calculations can be subsequently performed. 

Model

Calculation of 

operating point

Calculation of the

linear model

Time domain

simulation of the

non-linear model

Eigenvalue

analysis

Frequency

response  
Fig. 21: Overview of the study method. 

 
0.01t tR X= 0.15tX = CX CF X= − ⋅ l0.01R X=l l 0.2X =l
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wind farm step-up

transformers

Series compensated
line

Wind DFIG

All parameters are in per unit of the MVA base of the wind generator  
Fig. 22: Details of the test case for investigating subsynchronous 

oscillations of a wind DFIG. 
 
7 Illustrative results 
The models, methods and tools are illustrated 
investigating subsynchronous oscillations of a wind 
doubly fed induction generator (DFIG) connected 
through a series compensated line according to the test 
case of Fig. 22. The reactance of the series capacitor is 
expressed in terms of the compensation factor and the 
series reactance of the compensated line. Fig. 23 contains 
the parameters of the wind DFIG generator. 
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Fig. 23: Wind DFIG parameters. 

 
An estimation of the natural frequency of the series LC 
circuit in case of 20% compensation factor 
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Hence, the frequencies of the supersychronous and 
subsynchronous oscillations are respectively 
 
 0 62.4nf f Hz+ =  

 0 37.6nf f Hz− =  

 
The impact of the compensation factor on the stability is 
the subsynchronous oscillations is studied firstly. Fig. 24 
shows the root locus as the compensation factor 
increases. A very interesting result arises: the 
supersynchronous mode is stable no matter the 
compensation factor whereas the subsynchronous mode 
becomes unstable for high compensation factors. 
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Fig. 24: Root locus as the compensation factor increases. 

 
Moreover, Fig. 25 displays the damping of the 
subsysnchronous mode as a function of the compensation 
factor and the wind speed. It shows that the damping of 
the subsynchronous mode does not depend on the wind 
speed. 
 
The compensation factor of the series compensated line 
the bandwidth of the wind DFIG controllers is worth to 
be investigated as well. Fig. 26 shows the variation of the 
damping of the subsychronous mode as function of the 
bandwidth of the controllers of rotor side converter 
(RSC) and the grid side converter (GSC).The damping of 
the subsynchronous model is affected by the bandwidth 
of the rotor side converter regulators. The bandwidth of 

the regulators of the grid side converter does not affect 
the damping of the subsynchronous mode In case of a 
compensation factor of 30% and a wind speed of 10 m/s, 
the mode becomes unstable if the bandwidth is 32.5 
rad/s. 
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Fig. 25: Damping of the subsychronous mode as function of the 

compensation factor and the wind speed. 
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Fig. 26: Damping of the subsychronous mode as function of the 

bandwidth of the controllers of rotor side converter (RSC) and the grid 
side converter (GSC). 

 
8 Conclusions 
This paper has identified a number of phenomena arising 
in the connection of wind generation to weak systems 
characterized by low short circuit ratio. The paper has 
proposed simulation models and analysis methods to 
investigate them. The paper has also provided a detailed 
report on the investigation on the stability of 
subsynchronous oscillations arising in the connection of 
wind DFIG generators through series compensated lines. 
The findings of the study can be summarized as follows: 
 

• The stability of subsycnrhonous ocillations is 
determined by the subsynchronous mode. 

• The damping of the subsynchronous mode depends 
on the line compensation factor. It does not depend 
on the wind speed. 

• The damping of the subsynchronous mode depends 
on the bandwidth of the regulators of the rotor side 
converter. Higher bandwidth results in undamped 
mode. 
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• The bandwidth of the regulators of the grid side 
converter does not affect the damping of the 
subsynchronous mode. 
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