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ABSTRACT
As a result of increasing environmental concern, more and more electricity is generated from wind turbines. Therefore,
adequate models to study the impact of wind turbines on electrical power system behavior are needed. One of the most
important considerations is the effect of wind turbines on the voltage profile, i.e. the induced slow voltage variations, which
are the subject of this paper. The wind turbines can be operated in two modes: constant-speed and variable-speed. Each one
of these cases has different impact on steady state voltage of distribution grids. For evaluation of these impacts, SCIG
generator has been simulated that works in constant-speed operation and DFIG generator that is used in a variable-speed
turbine. Variable-speed wind turbines can be controlled in two ways. They can produce power with constant power factor or
they control magnitude of voltage of PCC. PSCAD/EMTDC simulation program is used to investigate the impact of these
turbines on a distribution grid. The outcomes of the simulation demonstrate the effectiveness of the proposed simulation and
control schemes. Also, it is shown that voltage control scheme has better results and improves the voltage profile
considerably.
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1. INTRODUCTION

variable-speed. In constant-speed turbines, reactive power
cannot be controlled.

Wind energy is said to be one of the most prominent
sources of electrical energy in years to come. Wind
energy conversion systems (WECS) are the devices which
are used to convert wind energy to electrical energy. The
increasing concerns to environmental issues demand the
search for more sustainable electrical sources [1-5]. With
the wind farms rating hundreds megawatts, the concerns
start to focus on the voltage problems of the power system
[6]. For distribution grids connected wind power
generation, voltage quality is an important issue for the
system planning purpose. The operation of wind turbines
in the distribution networks may affect the voltage quality
offered to the consumers.

But reactive power of variable-speed turbines can be
controlled in two ways. They can produce power with
constant power coefficient or they can be controlled to
adjust magnitude of voltage of PCC (Point of Common
Coupling). Presently, the trend of operating wind turbines
is in the variable-speed mode. One of the most common
type of wind turbines is the variable speed wind turbines
with Doubly-Fed Induction Generator (DFIG). In the
DFIG, the applied rotor voltage controls the real and
reactive powers and generator’s speed, when its stator
terminals are connected to a power system and the stator
voltage is held constant by the grid[2, 3, 5, 12-16].

Most of the models used to represent a wind turbine are
based on a non linear relationship between rotor power
coefficient and linear tip speed of the rotor blade [5, 7-9].
On the dynamic subject, several works have been done on
the analysis of power quality from wind turbines to the
power systems [6, 10-13]. An extensive analysis of the
potential impacts of wind turbines has been developed on
the power quality, where the work focused on the small
scale integration and is explained how to assess the
voltage quality from wind turbines using wind turbine
characteristics.
The turbine of wind energy conversion systems can he
operated in one of two modes: constant-speed and

Each one of these cases has different impact on steady
state voltage of distribution grids. For evaluation of these
impacts, SCIG (Squirrel Cage Induction Generator) that
works in constant-speed operation and DFIG generator
that is used in a variable-speed turbine have been
simulated. A simulation program of PSCAD/EMTDC is
used to investigate the impact of these turbines on a
distribution grid. Both of above-mentioned methods are
applied under same disturbances in wind speed in the
simulation. This simulation is based on a vector control
of the DFIG machine. The technique of vector control is
used to control the output parameters of the rotor in
different loading conditions and variable rotor speeds [9,
17, 18].
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region as shown in Fig. 2. Optimum power extractor
makes turbine to work in these regions.

2. WIND TURBINE
Wind energy conversion systems (WECS) are the devices
which are used to convert the wind energy to electrical
energy. The total wind power entering the wind turbine is
given by:

PT 

1
AV 3C p
2

(1)

Where ρ is the density of air in kg/m3 and A is the area
swept by the blades of wind turbine, in m2 and V is the
speed of wind in m/s and CP is dimensionless power
coefficient.

2.1 Pitch Angle
The block diagram that is used to control pitch angle is
shown in Fig .2.
This controller increase pitch angle if turbine shaft speed
exceeds its maximum speed. But pitch angle can only rise
some degrees (here 20 degrees).

Since calculation of CP is too complicated, usually its
value is calculated by recourse to simpler formulas. The
formula used for CP is [9]:
  (  c1 ) 
  0.00184(  c1 ) 
C p  (0.44  0.0167  ) Sin
 c 2  0.3 

(2)

Where λ is Tip-Speed Ratio (TSR) and β is the blade pitch
angle. C1 and C2 are two coefficients that equal 1 and 18,
respectively.
The TSR dictates the operating condition of a turbine. A
typical power coefficient CP versus TSR is given in Fig. 1.
As the wind speed changes, the Tip-Speed Ratio and CP
will vary. The CP characteristic has single maximum at a
specific value of TSR. Therefore if the wind turbine is
operating at constant speed then the power coefficient will
be maximum only at one wind speed.

Fig. 2 Pitch angle control block diagram

2.2 Optimum Power Extractor
This section dictates turbine operating conditions and
specifies optimum CP to obtain reference torque and
reference speed of generator. On the other hand, if turbine
power exceeds its maximum value, Optimum Power
Extractor should control it with varying CP.

2.3 Turbine Simulation
Below equation is used for turbine simulation:

TT 

PT

r



DT2Vw3C p
2 r

(3)

Where ρ = 1.225 and turbine blade radius is 23 m. V w is
wind speed and is turbine shaft speed.

3. DFIG GENERATOR
A double-Fed induction generator is, in fact, a standard
wound rotor induction generator with its stator windings
directly connected to the power grid and rotor connected
to the power grid through a frequency converter (Fig.3)
[17].
So it delivers power from stator to the grid. The rotor,
depending on its voltage, can either deliver power to the
grid or absorb it.

Fig. 1 Typical CP versus TSR

In a wind power system typically the wind turbine starts
operating (cut-in speed) when the wind speed exceeds 34m/s, and is shut off at speeds exceeding 25 to 30m/s. In
between, it can operate in the optimum constant C P
region, the speed-limited region or the power-limited
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3
Pr  (vdridr  vqriqr )
2

(13)

Pg  Ps  Pr

(14)

Where Ps is the power delivered by the stator, P r is the
power to the rotor, Pg is the total power generated and
delivered to the grid.
Fig.3 DFIG overall system in a wind turbine-generator

In modern DFIG designs, the frequency converters are
usually built by two, three phase self commutated backto-back PWM converters with an intermediate capacitor
link for DC bus voltage regularity. The converter that is
connected to the rotor called ‘rotor side converter’ and the
other named 'grid side converter'. By controlling the grid
and rotor converters, the DFIG can be adjusted to achieve
many capabilities versus conventional squirrel cage
induction generators.

And reactive power:

3
Qs  (vqsids  vdsiqs )
2

(15)

The electrical torque generated by induction machine is
given by:

3
Te   P(dsiqs  qsids )
2

(16)

The dq representation of DFIG machine are given by[7]:
And the mechanical equation for machine is:
For the stator side:

ds   Ls ids  Lmidr

(4)

qs   Ls iqs  Lmiqr

(5)

vds   Rs ids  s qs 
vqs   Rs iqs   s ds 

dds
dt
dqs
dt

(6)

(7)

For the rotor side:

dr  Lr idr  Lmids

(8)

qr  Lr iqr  Lmiqs

(9)

Tm  Te  J

dr
 Dr
dt

(17)

Where Tm is mechanical torque and Te is electromagnetic
torque in Nm, is mechanical shaft speed in rad/sec, D is
fiction coefficient in Nm/rad/s and J is inertia in kg-m2.
In this paper, the power converter that is between grid and
rotor is considered ideal.

4. VECTOR CONTROL
The technique of vector control will be used in the control
of induction generator to control the generated voltage for
different loading conditions and variable rotor speeds.
The total stator flux is aligned along the d-axis of the
rotating reference frame so that [7]: qs  0
So iqs is derived:

vdr  Rr idr  s s qr 
vqr  Rr iqr  s s dr 

ddr
dt
dqr
dt

iqs  

(11)

Substituting iqs in (9), (10) will result in:

L2   
L2  d
v dr  Rr i dr  s s   Lr  m i qr    Lr  m  i dr (19)

Ls   
Ls  dt


The electrical output power from the induction generator
is given by:

3
Ps  (vdsids  vqsiqs )
2

Lm
iqr
Lls  Lm

(10)

(12)
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Lm
3
Te   P
dsiqr
2 Lls  Lm

(21)

Vds  0

(22)

Vqs  s ds

(23)

Substituting for Vds=0 ,(11) and (12) will be simplified as
follows:

3
(v qsiqs )
2

(25)

4.1 Electromagnetic Torque/Speed Control

Neglecting stator resistance will lead to[7]:

P

3
Q  (vqsids )
2

(24)

Optimum Power Extractor calculates desired torque for
turbine. Therefore, iqrref will be derived as shown in Fig.4
(a). Comparing the reference variable to the actual
machine current, an error signal required for controlling
the speed of the machine is obtained. To determine the
required rotor voltage, a standard PI controller and the
summation of the direct rotor current compensation term,
derived from (20), is implemented. This control scheme is
shown in Fig. 4(b).

a) Primary stage

b) Secondary stage
Fig. 4 Speed control scheme based on vector control
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a) Primary stage

b) Secondary stage
Fig. 5 Voltage control scheme based on vector control

is compared with the terminal voltage. Then error control
signal is produced to an integral controller, as shown in
Fig. 5(a).
The secondary stage of the controller is constructed using
the primary stage reference current compared to the direct
component of measured rotor current. The required rotor
voltage is obtained from a PI controller and the
summation of the quadrature rotor current compensation
term, derived from (15). This control scheme is shown in
Fig. 5(b).
Fig. 6 Reactive power control scheme: primary stage

4.3 Reactive Power Control

Substituting for ids into (25) will result in:

Qs 

Lm Vs
( Lls  Lm )

idr 

Vs

2

 s ( Lls  Lm )

(26)

DFIG generators can be controlled in constant voltage
state or in constant reactive power.

4.2 Voltage Control
In order to control terminal voltage, the amplitude of i dr is
controlled. In order that control voltage, reference voltage

For controlling reactive power, idrref is obtained from (26).
Its control scheme is shown in Fig. 6. The secondary stage
for controlling reactive power is similar to Fig. 5(b).

5. VOLTAGE PROFILE
To illustrate the impact of a wind turbine on the voltage
profile along a line, a distribution grid is considered
(Figure 7) [6]. The node 1 is connected to the high voltage
grid. The rated voltage is 15 kV. On average, the X/R
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ratio of the distribution lines in the studied grid is
approximately 7.5. The total load is 10 MVA.

Node 1
1

A wind turbine is assumed to be connected to node 9.
Fig.8 shows the wind speed at hub height, used as input
for the simulation.
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Three cases for the turbine type are considered in the
following scenarios (Table 1).
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Fig. 7 Simplified one-line diagram of the study case feeder
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Fig. 8 Assumed wind speed, as input for the simulation
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Table 1. Cases considered for simulations

Case 1

Speed
controller
fixed speed

Generator
type
SCIG

Reactive
power control
no

Case 2

variable speed

DFIG

cos ϕ = 1

Case 3

variable
speed

DFIG

voltage
control

0.98
0.97

0.96
0.95
0.94
0.93
0.92
4

All the generators are used in wind turbines is categorized
in one of the above cases. Voltages of two nodes are
shown in Fig. 9. As can be seen in the figure, the
distributed generator has impact on the voltage profile
along the line. The reactive power output of a SCIG
(cases 1) cannot be controlled. The reactive power output
is always negative (inductive behavior). In this case,
reduction of voltage level is seen in Fig. 9.

8
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DFIG V=cons

28

32

DFIG Q=0

c) Voltage of node 12
Fig. 9. Voltages of some nodes

The reactive power for case 2 is permanently controlled to
zero. It is seen that in case 2, voltage levels are upper than
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case 1. In case 3 that the DFIG is controlled in constant
voltage state, the voltage in node 9 has been constant in 1
p.u in all wind speeds
The highest impact on the voltage is for this example seen
at node 9, where the difference between the voltages for
the case 1 and 3 is approximately 6.23%.
Also, the lowest impact (2.55%) on the voltage is at node
1, where distribution grid is connected to high voltage
grid.

6. CONCLUSIONS
Each type of wind turbines has different impact on steady
state voltage of distribution grids. For evaluation of these
impacts, SCIG generator has been simulated that works in
constant-speed operation and DFIG generator that is used
in a variable-speed turbine. DFIG generator can be
controlled in two ways that mentioned before: constant
voltage and constant reactive power. PSCAD/EMTDC is
used for simulation to investigate the impact of these
turbines on a distribution grid.
In inclusion, in weak grids, voltage controlled turbines
had best improvement in the voltage profile of
distribution system. After that, the turbine that was
controlled in constant power coefficient had better impact
on the voltage profile than SCIG generator.
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