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ABSTRACT

Use of wind power generation is increasing nowadays,
particularly in the broader sense of the distribution areas. The
technological impacts and constraints are still under study,
and are almost unchanged in many ways. One consequence of
this is the low-signal reliability of delivery networks. This
paper analyzes the influence of wind power on a Grid
Integrated distribution system's small signal stability. Factors
such as level of integration of wind power, wind turbine
technology, device activity, location of the wind farms and
distributed wind farms are considered. Using modal analysis,
the oscillatory modes which arise due to changes in system
operating conditions are computed. The behavior of
synchronous generators is corroborated with the aid of
analysis of the time domain. The findings showed that the
integration of wind turbines increases the damping ratio and
reduces the oscillatory frequency of all modes. The point of
interconnection and the generation of distributed winds have
no effect on damping ratio and oscillatory frequency.

Key words : Grid Integrated distribution system; modal
analysis; small signal stability; wind power

1. INTRODUCTION

The incorporation of wind power into power systems has
increased over the last decade. This reality leads to increasing
concern about its effect on a power system's operation and
stability [1-2]. Much of these concerns focus on the impact of
integration of wind power on voltage [3-4] and frequency
stability [5-6], with less attention being paid to the small
stability of the signals. The increasing penetration of
induction machines as wind generators raises concerns
regarding rotor oscillations and increased stability of
induction generators as well as distribution system.

The effect on the ratio of oscillatory frequency and damping
depends on the model used for generator. In the case of an
induction generator for squirrel cage (SCIG), it is known to
have a beneficial effect on the damping of electromechanical
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oscillations [7]. However, applications are not generalized for
double-fed induction generator (DFIG); damping is reduced
in some studies [8] and damping is increased in others [9]. It
presents a comparison of both technologies in [10]. The tests
indicate the best DFIG behaviour. However, the effect on the
stability of small signals depends not only on the wind turbine
technology but also on the frequency of oscillation and
damping ratio, the system, its design, the form of generation
and its control system.

Different methods reported for analyzing a power system's
small signal stability include probabilistic methods [11],
small signals stabilization area boundaries [12], time domain
simulations [7], and modal analysis by measurement of its
own value [8]. The limited study of the signal stability with
the application of wind power was applied to different power
systems. For example: 68 bus test system [13], IEEE New
England system [14], Uruguayan system [8], and a
distribution system interconnected to the transmission system
[7] have been recorded in IEEE 16 generators. The scope of
this paper is to identify the influence of wind power on the
small signal stability of the Grid Integrated distribution
system, taking into account factors such as the level of
integration of wind power, the interconnection point with the
electrical grid and the dispersed wind production.

2. MATERIALS AND METHODS

2.1 System Modelling

Typically, elements which should be considered for various
stability studies in modeling a power system are generators,
generator controllers, transformers, transmission lines and
loads. The modeling approach employed in this paper is
described below.

2.2 Synchronous Generator

Synchronous generators are described by sixth-order model in
the transient stability analysis [15]. Usually synchronous
generators are connected as constant active power sources
running in the mode of control of the power factor to
distribution systems. However, they can support the voltage
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by also providing the reactive power, depending on their
capability. Reactive power limit has been established for
voltage control mode. The diesel generators act as base power
which provides voltage control in the system under review.

2.3 Wind Turbine Model

Wind generators available today are classified into four main
types of turbines:

e Type 1: Fixed speed wind turbine with induction
generator connected to direct grid.

e Type 2: Variable speed wind turbine directly
connected to the grid, with variable rotor resistance
induction generator.

e Type 3: Variable speed wind turbine with dual fed
induction generator and dc / ac rotor converter
connected to direct grid.

e Type 4: Wind turbine with variable speed with
synchronous machine and full scale ac / dc / ac
converter.

Type 3 wind turbine was the selected technology because it is
the technology present under study in the power system. The
Double Feed Induction Generator (DFIG) configuration
corresponds to a small variable speed wind turbine with a
wound rotor induction generator and a partial frequency
converter on the rotor circuit (rated at approximately 30
percent of the nominal power generator). The reactive power
compensation and the smoothest grid connection is carried
out by the partial scale frequency converter. You will find the
mathematical model here in [16].

2.4 Wind Model

Wind has been modeled as a Weibull distribution; wish is
described as: equation (1).
v
ki pew ol WK
f(vw,c,k)=—kv5\;1e T

C
Where VW is the wind speed, k is shape factor and c is scale
factor.

(1)

Time variations VW (t) of the wind speed are then obtained by
means of a Weibull distribution, as follows: equation (2).
; A
_(_Indt)\k
VW (r]—l\ c ]
Where 1 (t) is a generator of random numbers between 0 and
1. The output power of wind turbine depends on wind speed
and the approximate relationship between them is: equation

3).

(2)
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Where V is wind speed on fan hub, Vci is cut-in wind speed,
Vco is cut-out wind speed, Vr is rated wind speed and Prd is
rated power of wind turbine.

2.5 Small Signal Stability

Small signal stability is the control system's ability to preserve
synchronization when subjected to minor disturbances [15]. In
this context, a disturbance is considered to be small if it is
possible to linearize the equations which describe the resulting
system response. The system used for the analysis of small signal
stability is a set of algebraic differential equations, in the form of:
equation (4).

x =f
x=f(xu) @
0=g(x,u)
Where: equation (5).
X=, ey Y
TR (5T R uyY G

Where X is the vector of the state variables, U is the input vector

and g is a vector of nonlinear functions relating state and input
variables to output variables. The analysis is based on the
nonlinear set of system equations, dynamic relations as well as
network equations, which are linearized in an operating point to
obtain a linear system. Therefore, the nonlinear equations are
linearized using Taylor series. The linear result equation is
written as (6):

AX=AAx+BAU

0=CAx+DAU

Where A is the system state matrix, B the input matrix, C the
output matrix and D the feed forward matrix. Taking the Laplace
transformation of equations (6), will result in: equation (7).

(6)

dj(sI — 4)
Ax(s) = adj(sT—4) BAu(s)
det(sl — 4)
gy =2 A e DAt
det(sI — A)

(7)
The poles of Ax(s) and Ay(s) are the roots of the equation (8):
det(sl — 4)=0 )
Equation (8), can be re written as equation (9):

det(4—AT)=0 (9)
Expansion of the determinant gives the characteristic equation.
The n solutions of A are the eigenvalues of matrix A. It contains
information about the response of the system to a small
perturbation. The eigenvalue may be real or complex. The
complex values always appear in conjugate pairs if A is real.
The real component of the eigenvalues gives the damping, and the
imaginary component gives the frequency of oscillation. Thus, for
a complex pair of eigenvalues: equation (10).
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“ (10)

Where the frequency of oscillation in Hz, and the damping ratio
are given by equation (11) and (12).

yu A
T
\'Io__'—ﬂ)-_

(11)

Each eigenvalue represents a system mode and the
relationship between this mode and the stability is given by
Lyapunov [15], where the system is stable when o< 0O; the
system is unstable when ¢;>0; and in general, no conclusions
arise when

o=0. (12)

3. SYSTEM UNDER STUDY

The system being studied is an integrated radial distribution
network with a max. load of 17.7 MW and 6.2 Mvar. This
charge is supplied only by distributed generation technology.
The loads are supplied by four 4.5 MVA MAN diesel
generators connected to bus 2 and 3 and four 2,36 MVA MTU
diesel generators distributed throughout the network.
Improving quality service and supporting the MAN
generators at full load condition are the key functions of MTU
generators. The delivery network has a voltage standard of
34.5 kV and 7 substations. A base case is device without
incorporation of wind power. Eigenvalues of the base case are
determined and 68 own values are derived with the negative
real component value. Figure 1 shows some of the most
important values.
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Figure 1: Eigenvalues for the base case scenario

The scheme is asymptotically stable, as all own values are on
the left side of the imaginary axis. Nine of the individual
values are complex and denote an oscillatory mode. Table 1
displays only results from the oscillatory mode. It is important
to note that the oscillatory frequencies of seven of the nine
modes are between 4 and 6 Hz, which is greater than the
frequency of broad generator electromechanical modes found
in transmission systems, standard values between 0,1 and 2
Hz [16].

Some studies also indicate a frequency of oscillations about 3
Hz in control systems [7]. Such systems are therefore linked
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by a strong link to a transmission network. Another example
is the Uruguayan power system [8] with certain modes
oscillating in frequency about 3 Hz. The findings of the
oscillatory frequencies are rational when comparing these
with the system under review and considering that the diesel
generators are close between them.

Table 1: Electromechanical mode of the study system

Modes cxjo Frequency (Hz) Damping Ratio
Mode 5. 6 -10.319+33.0976 5,518 0,298
Mode 7. 8 -11.8387+34.1594 5,754 0,327
Mode 9. 10 | -7.5949£30,5123 5,004 0242
Mode 11, 12 | -6.8791+26.7876 4.402 0.249
Mode 14, 15 | -8.2088+24.3146 4.084 0,320
Mode 16. 17 | -8.2077+£24.3217 4.086 0.320
Mode 19. 20 | -8.2067+24 3288 4.086 0.320
Mode 25,26 | -5.4895+9.5765 1,757 0.497
Mode 39.40 | -0.5952+2,2881 0,376 0,252

According to [8] the damping ratio is considered low for
values less than 0.05. These values are above all the damping
expressed in Table 1. So, the Grid Integrated distribution
system under research can be said to have a strong damping
effect.

Two local modes and the interarea mode between area one
and area two can be analyzed because of the number of
generators and their distribution within the network.
According to the participation factors study, a local mode of
area one is represented by the MAN generators, the main
contribution of these generators is in modes 9 and 10. The
region two is defined by MTU generators, and the modes 5
and 6 are the most appropriate mode with less damping ratio.
Finally, in Modes 14 and 15 the inter-area mode is
represented. Analysis of the time domain was conducted to
imagine synchronous generator rotor oscillations for baseline
case scenario. In the second 10 of the simulation, a
three-phase short-circuit fault was applied to bus 8 and
cleared after 70 ms. MAN and MTU synchronous generators
rotor speeds were observed in Figure 2.
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Figure 2: Response of MAN and MTU synchronous generator

The behavior is very similar for both of the synchronous
generator technologies. The oscillation frequency is about
0.35 Hz, which corresponds to the modes 39 and 40 shown in
table 1. Such modes are the dominants in this case, which
refer to the MAN generator excitation system. In order to test
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this activity a connection is made in the program under
review with a real-life occurrence occurring. Figure 3,
demonstrates the device frequency response to a perturbation.
The real oscillation frequency in the device is about 0.34 Hz,
which is also the range shown by the study of own values. The
difference with the simulation is less than 3 percent, so the
system behavior and models are validated and the system is

ready with wind turbines to analyze small signals.
Time (s)
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Figure 3: Real frequency response

4. SIMULATION RESULTS AND DISCUSSIONS

The global concern about environmental concerns and
regulatory changes is to promote the use of more renewable
energy resources that are likely to be incorporated into the
distribution network in the future. The following topics are
studied for the examination of the effects of wind farm
incorporation into the program under study:
1. Influence of wind power increase on the oscillatory
modes without disconnecting diesel generators.
2. Influence of wind power increase on the oscillatory
modes disconnecting diesel generators.
3. Influence of interconnection point of wind turbines.
4. Influence of dispersed wind farm on the oscillatory
modes.
5. Time domain simulation.

The wind farm (WF) is assumed to be connected to the system
via a line with a resistance of 0.292 pu and a reaction of 0.267
pu, with the same bases as Appendix A. The wind farm
consisting of DFIG type wind turbines with a total capacity of
2 MW is connected to the grid. At unity power factor the
power is injected into the grid. This is achieved through the
pulse between the generator rotor and the grid with
modulation frequency converter. This technology's used
model is described at[17].

4.1 Influence of Wind Power Increase on the Oscillatory
Modes without Diesel Generators Disconnected

A wind farm consisting of the DFIG connects to bus 19. The
starting power of wind farms was 2 MW, and the same is
increased to 2 MW while the MTU generators' output power
is reduced to its limits, and then the power output of MAN
generators was decreased by the same amount so that the total
power remained the same. The damping of the oscillatory
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modes selected for the study is shown in figure 4, and the
oscillatory frequency is shown in table 2. Under these
conditions the average wind power which could be

incorporated was 6 MW.
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Figure 4: Influence of wind power increase using DFIG on the
damping of electromechanical mode

Table 2: Oscillatory frequency for increase wind power

Wind farm Area One Area Two Inter-area
Base Case 5.004 5.518 4,084
MW 4.826 5.354 4,095
ANMW 4.846 5.359 4,072
6MW 4.853 5.356 4,062

The results show that damping of the inter-area frequency
mode increases marginally when the wind farm capacity is up
to 6 MW thus positively influencing the local modes. The rise
in area one damping ratio was 29 percent and 28 percent for
area two. For DFIG wind farm, the oscillatory frequency in
area one and two decreased by up to 6 MW, while in inter-area
mode it decreased slightly.

4.2 Influence of Wind Power Increase on the Oscillatory
Modes with Diesel Generators Disconnected

The traditional systems will usually be replaced by wind
power. Throughout this segment, increasing wind power
means shutting down a diesel generator, beginning with MTU
technology, with the exception of the MTU generator at bus
12, while maintaining the voltage between limits nearby.
When three of the four MTUs are disconnected and the wind
power is that continuously, a MAN generator must be
disconnected. As DFIG wind turbine joins the area damping
ratio, one local mode is nearly constant at about 0.25 until a 6
MW wind farm; for 8 MW the damping ratio increases to
0.34. At this stage the machine operates at bus 12 with both
MAN generators and the MTU generator. If a wind farm 's
installed power is up to 10 MW, one MAN generator is
disconnected at bus 3. At this stage, the wind farm replaces an
excitation device with a synchronous unit. The damping in
area one is therefore affected, and has a reduction of 0.3.
Integrating DFIG wind turbine up to 10 MW increases
damping ratio and lowers the device under study's oscillatory
frequency. Under this condition, as shown in Figure 5, the
device is stable for small signal, with a real negative portion
for all proper values.
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Figure 5: Eigenvalues for 10 MW with a DFIG wind farm.

The damping of area two is the same when the wind farm is
up to 10 MW, states that in area two the wind farm
interconnects to the system; in some way the incorporation of
the wind farm in this area eliminates the damping loss for the
disconnection of the diesel generators. The inter-area
damping increases marginally to 0.34.

A reduction in the oscillation frequency in area one is
observed from 5 to 4.28Hz (15 percent reduction). In area
two, the oscillatory frequency reduction was 5 percent, while
the inter-area mode frequency for all wind farm integration
values is mostly the same.

Influence of the Interconnection Point of Wind
Turbines

4.3

The 4 MW wind farm was linked to various buses to test the
effect of shift in wind generator positions on the low signal
stability of a power system. In these cases, the power system
does not remove any diesel generators. The results are set out
in Table 3.

Table 3: Damping and oscillatory frequency for a4 MW DFIG wind
farm

Inter-area
Damping Freq.(Hz)
0.333 4.067
0,332 4.070
0.332 4,072
0.331 4.075
0.332 4.074
0.330 4.090
0.333 4.064

Area One
Damping Freq.(Hz)
0.307 4.828
0,307 4.827
0.309 4.846
0.308 4.824
0.307 4.825
0.315 4912
0.307 4.830

Area Two
Damping Freq.(Hz)
0.381 5.360
0.382 5.355
0.382 5.359
0.383 5352
0.383 5352
0.383 5.345
0.381 5.357

farm location

Bus 10
Bus 14
Bus 19
Bus 26
Bus 28
Bus 33
Bus 36

The interconnection point does not affect the damping ratio
and the oscillatory frequency for a 4 MW wind farm with
DFIG technology. All parameters, at any wind spot, are
almost the same for all area modes.

4.4 Influence on the Oscillatory Modes of Dispersed Wind
Farm

Normally the interconnection of renewable energy resources
in the delivery system is distributed into many grid points.
The influence of dispersed wind farm in damping ratio is
analyzed, and the oscillatory frequency of each mode. The
distinction was made between a focused 6MW wind farm on
bus 19, and six LMW wind farms on bus 10, 14, 19, 26, 28 and
33. The findings are shown in Table 4.
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Table 4: Frequency and damping ratio for a DFIG wind farm
Damping ratio
Area Two
0.383
0.379
Oscillatory frequency
Area Two
5.356
5.359

‘Wind farm
Inter-area

0.346
0.349

Area One
0.309
0.308

Concentrated
Dispersed

Inter-area
4.062
4.038

Area One
4.853
4.845

Concentrated

Dispersed
For local and inter-area modes, the damping ratio and the
oscillatory frequency are very close in every case.

4.5 Time Domain Simulation

To test the behavior of synchronous generators with wind
energy integration a simulation of the time domain is
performed. The study was made for the most important
condition; refer to the second scenario, that is to say, the
situation when the diesel generators were disconnected in the
case of integration of wind turbines. In this case, the wind
farm is 10 MW and, in all cases, studied, it represents the
bigger wind penetration. A three-phase short-circuit fault was
applied on bus 8 for the study and cleared after 70 ms. MAN
generator rotor speeds were observed in figure 6.
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Figure 6: Response of MAN generator with a without wind energy
integration

Connecting a 10 MW wind farm improves the response of the

MAN generator, the speed of the rotor has a better behavior

with less peak, less oscillation and a better oscillation

frequency.

5. CONCLUSION

A distribution network with DFIG wind farm integration was
investigated for the small signal stability. The frequency
oscillation modes were observed with approximately 5 Hz for
base case. In both local and inter-area modes, the system has a
good damping ratio and is robust for small signals.
Integration of wind farms improves the damping ratio and
reduces area one, area two and inter-area mode oscillatory
frequencies. Owing to the introduction of wind power a
disparity is found when diesel generators are disconnected. 10
MW can be integrated for a wind farm at DFIG. As compared
with the base case, an increase in the damping ratio and a
decrease in oscillatory frequency was observed. The wind
farm's interconnecting point with the network and the
alignment of the scattered wind farm has no major effect in
the damping ratio and the oscillatory frequency of local and
inter-area modes.
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