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Abstract

This paper is concerned with developing models of various types of wind turbine generating units (WTGU) used as distributed generation (DG)
sources and demonstrating their application for steady state analysis. The model for each class of WTGU developed here facilitates the computation
of real and reactive power outputs for a specified wind speed and terminal voltage. The proposed models have been used to study the impact of wind
speed and terminal voltage variation on the behavior of each type of WTGU. The application of the proposed models for the load flow analysis
of radial systems having WTGU has been demonstrated. Based on these studies we assess the impact of wind based DG on the voltage profile
and losses of radial distribution networks. Simulation studies have been carried out on a 33 bus radial distribution system having WTGU as DG

sources to illustrate the application of the proposed models.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The use of wind energy for electricity generation has been
gaining popularity. A large number of wind turbine generat-
ing systems (WTGS) are already in operation and many new
systems are being planned. The integration of WTGS with the
power systems is taking place at both the transmission and the
distribution voltage levels. This growth in wind generation has
spurred investigations [1-26], to understand the behavior of the
wind turbine generating units (WTGU) as well as their impact
on the power grid.

Results in refs. [1-13] are representative of one class
of investigations, where the interest is in transient/dynamic
behavior. The studies in refs. [ 1-6] are concerned with transient
behavior of grid connected fixed speed type of WTGU. In ref.
[1], a WTGU model has been developed to study the transients
in its power output due to transient voltages at its terminals. In
addition, ref. [1] has a brief qualitative discussion of the steady
state behavior of the system with WTGU. In refs. [2-6] actual
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measurements of grid power fluctuations seen during start-
ing/braking/operation of the WTGU are provided. A method
of reducing these transients during starting of the WTGU has
been suggested in ref. [7]. In ref. [8] models for various type
of WTGU compatible with the commercially available power
system dynamic simulation tools have been proposed. In ref.
[9] a model for the variable speed type of WTGU has been
developed and the response obtained from this model to wind
variations has been qualitatively compared with the actual mea-
sured response. The studies carried out in refs. [10—13] address
the transient stability issues of the power grid having WTGU. In
ref. [10] the impact of connecting two different types of WTGU
on the transient stability of a Spanish system has been studied.
For such transient studies, detailed models for the WTGU have
been proposed in refs. [11-13]. In ref. [11] the emphasis is on
developing models for the DFIG and its associated controls,
while refs. [12,13] deal with developing models for the wind
turbine. In ref. [12] the mechanical and aerodynamic behavior
of a wind turbine has been studied using a finite element
analysis and this has been used to develop reduced order
dynamic model for the wind turbine. The impact of various
shaft models (soft shaft model, lumped model, etc.) on the esti-
mation of critical clearing time (for faults) has been studied in
ref. [13].
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The other class of investigations [14-22] attempts to address
the grid-WTGU interaction in the steady state context. In refs.
[14-16] the equivalent circuit model of the induction generator
has been used to represent the WTGU, assuming the genera-
tor mechanical input to be known. The studies carried out in
refs. [17,18] attempt to model a wind farm consisting of only
the fixed speed type of wind turbine. In ref. [17] the fixed
speed type of WTGU is represented using the equivalent cir-
cuit model of the induction generator as in refs. [14,15] while
in ref. [18] an approximate turbine characteristic has been used
in addition. Further, in both the investigations [17,18] the grid-
wind farm system is viewed as a two bus system; one at which
the WTGU is connected and the other being the infinite bus.
The use of probabilistic measures to characterize the impact of
WTGU on distribution networks in a steady state context has
been suggested in refs. [19,20]. The probabilistic analysis car-
ried out in ref. [21] obtains the probability distribution function
(PDF) of node voltages considering a simple gaussian distri-
bution for the load and wind speed variations. In ref. [22] in
order to account for the probabilistic variation of load, wind
speed as well as other generation, a sequence of steady state load
flow solutions (using mean values of the variables) is obtained.
From these load flow solution results, the PDF of node volt-
ages are obtained. In both these studies only fixed speed WTGU
are considered and approximate models for the WTGU have
been used.

Itis seen that efforts to understand the steady state interaction
of the grid-WTGU systems have been scanty. Even in the deter-
ministic investigations where this issue is considered [14—17],
only a simple induction generator equivalent circuit has been
used to model the WTGU. However, the power output of the
wind generator depends on the turbine characteristics as well as
the control characteristics of the power controllers (when they
are present). These features of the WTGU have not been con-
sidered in any of the above studies. In ref. [18] an approximate
turbine characteristics has been used for modelling the fixed
speed type of WTGU alone. However, there are three other types
of WTGU (semi-variable speed, doubly fed induction generator
and generator with front end converter) and so far no attempt has
been made to model them for steady state studies. Further, none
of the above investigations attempt to study the manner in which
the performance of the WTGU is affected by the varying grid
conditions. Probabilistic load flow schemes used in refs. [21,22]
also make use of only simple WTGU models.

The paper is concerned with the steady behavior of WTGU-
grid systems, in particular the impact of WTGU used as DG
sources. As mentioned earlier, the WTGU are connected to the
grid at both transmission and distribution voltage level. For
studies on transmission systems connected to wind farms, an
aggregated model of the wind farm is considered to be adequate
[24]. In a wind farm supervisory controls are generally present
[26]. These controls essentially determine the active power and
reactive power supplied by the wind farm at the point of com-
mon connection (PCC). These features rather than the individual
WTGU characteristics have to be considered while developing
models for wind farms. Modelling such wind farms is not con-
sidered here.

A WTGU when used as a DG source operates as a part of
small primary distribution system. There is a need to understand
how various WTGU perform when they are connected to the
power grid at this voltage level. Further the primary distribution
systems are traditionally designed to operate with the power
flowing only in one direction. With the inclusion of these WTGU
sources, this characteristic of the distribution system changes
and hence, the impact of this change on the system needs to be
studied.

The aim of the present investigation is to study the steady
state behavior of WTGU as DG sources and their impact on the
distribution network. In view of this, the paper addresses the
following:

1. Identify the features of different types of WTGU which affect
their steady state behavior.

2. Develop models for each type of WTGU that facilitate the
computation of the steady state power outputs.

3. Analyze the impact of wind speed and terminal voltage vari-
ations on the steady state behavior of the individual WTGU.

4. Tlustrate the application of the new WTGU models for
obtaining the steady state load flow solution of a radial distri-
bution feeder having distributed wind generation, assuming
the wind speed at the instant of interest is given/known.

5. Study the impact of wind based DG on the operation of radial
systems.

2. Models for WTGU

Presently various types of WTGU have been installed and
they can be broadly classified into three categories, namely fixed,
semi-variable and variable speed types. The models developed
here for the WTGU are intended to obtain the power output of the
WTGU for a given terminal voltage and wind speed. The power
output of some of the WTGU is not regulated and in others where
it is regulated, the control characteristics are different. Hence,
model for each type of WTGU has been developed.

2.1. Fixed speed WTGU

This type of WTGU has a squirrel cage induction generator
which is driven by a wind turbine either having a fixed turbine
blade angle (stall regulated fixed speed WTGU) [23] or having
a pitch controller to regulate the blade angle (pitch regulated
fixed speed WTGU). In both these types of WTGU, the induction
generator is directly connected to the grid. In the operating range
the rotor speed varies within a very small range (around 5% of
the nominal value) and hence, these are reckoned as fixed speed
WTGU. Normally in these WTGU a fixed shunt capacitor is
used to provide reactive power compensation.

2.1.1. Stall regulated fixed speed WIGU

The power output of this class of WTGU depends on the tur-
bine and generator characteristics, wind speed, rotor speed and
the terminal voltage. For a given turbine and generator charac-
teristics, wind speed alone is the independent variable while the
rotor speed and terminal voltage are interdependent and vary
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