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ABSTRACT. Nowadays, Exploitation of the renewal wind energy such as wind energy
finds increasing interest. Wind-turbines prime movers operate at variable speed.
Therefore, it is recommended to use induction generators with such prime movers asit is
suitable for such conditions. The present research is aimed at improving the performance
of awind-driven double-fed induction generator (DFIG) system at different wind speeds.
A set of two convertersin the rotor circuit has been controlled to inject a certain voltage.
This voltage enables the generator to run at the speed which alows the wind turbine to
extract the maximum power from the wind. The research presents a new analytical
technique for calculating the injected voltage and power necessary to catch the maximum
wind power. The induction generator has been modelled at steady-state conditions using
frequency domain equivalent circuit. Computer-programs have been designed to compute
the performance characteristics of the DFIG with this basic control strategy and compare
it to the uncontrolled generator. The comparison has revealed that the performance of the
controlled DFIG is clearly improved.
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1. Introduction

The utilization of wind energy is very important and finds nowadays great interest.
Thisinterest has become vital as many energy experts have expected the rapid exhaust of
the conventional energy resources. Therefore, generation of the electrical power from the
sustai nable energy resources such as wind energy has become on the top of the solution
priorities.

Wind-turbines have the problem of being of variable and unexpected speeds. The
frequency of the generated voltage of synchronous generators is directly proportiona to
the prime mover speed. Therefore, to have a fixed frequency, other generator types or
unconventional solutions should be used. Use of induction generators is a good practical
solution [1, 2].

Because the wind has variable speed character, the performance of the wind driven
induction generator will clearly differ depending on the wind speed. Therefore, it is
necessary to control the generator to ensure getting agood performance at all wind speeds.
Amelioration of the performance of the grid-connected induction generators at different
wind speeds has been achieved through the use of convertersin the stator side for single-
fed generators [3-11], or through the use of a rectifier-inverter set in the rotor side for
double fed generators [12-17].

Many researchers investigated the performance of the doubly-fed induction
generators. Carlos [12] suggested a technique by which the current of the grid-connected
induction generator is controlled while driven by a variable-speed wind-turbine.
Holdworth et. a. [13] have carried out a comparison between fixed-speed induction-
generators (FSIG) and variable speed doubly-fed induction generators (DFIG). They
showed that the FSIG during short circuits induces voltage sags at the terminal busbars
which may lead eventually to voltage instability, while the DFIG improves the terminal
bus voltage profiles thus increasing the stability margins. Fernandez et. a. [14] have
developed a new way of aggregation of DFIGs under different incoming winds by an
equivalent wind turbine to approximate the active and reactive powers of wind farms with
high number of wind turbines. De Almeida and Lopes [15] have described a control
approach to integrate a frequency regulation capability into a DFIG active power control
loop using the frequency deviation. Such an approach could contribute to increase the
system robustness, reducing frequency changes following disturbances. Shaltout, et. al,
[16] proposed asimple control strategy of DFIG to facilitate harnessing maximum power
extracted from the wind. This strategy is based on controlling the slip power, which is
drawn from the rotor circuit and fed to the power grid through a rectifier-inverter set.
Abdel-halim, et. a [17] presented a stator and rotor combined control method for
induction generators to trace the maximum wind power and at the same time the power
factor is adjusted at unity. The optimization technique is based on an approximate circuit
model which neglects the iron losses and fixes the magnetizing current.
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The present paper aims at improving the performance of the wind-driven double-fed
induction generator (DFIG) at the different wind speeds employing a basic control
technique from the rotor side. The control is employed through injecting a voltage in the
rotor side in-phase or in-phase opposition to the rotor current using arectifier-inverter set,
and controlling the voltage magnitude such that the generator will trace the maximum
wind power point. This technique will ensure catching the maximum wind mechanical
power, and at the same time minimizing the apparent power dealt with through the rotor
dlip rings. In the present research a developed method is presented for calculating the
required injected voltage at the different wind speeds. The research is performed through
developing a steady-state frequency domain circuit model for the generator and a
conventional mathematical model for the rest of the system. Based on these models,
computer programs will be developed to compute the performance characteristics of the
DFIG. Thereafter, the performance will be compared to that of the uncontrolled I1G.

2. System Description and Control Strategy
2.1. Studied System

The system under study (Figure (1)) comprises a variable-speed wind-driven grid-
connected double-fed induction generator. The stator of the generator isdirectly connected
to the grid. The generator dip-ring rotor is connected to the grid through a set of two
controlled three-phase bridge converters.

Doubly Fed

| | GEARBOX Induction Machine Network
—_—
\ (
— / \
Transformer

Rotor side VSC Grid side VSC

1SIE

rotor
filter

Fig. (1). DFIG system
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2.2. Control Strategy

The generator control is performed by adjusting the magnitude of the rotor injected
voltage while its phase isin-phase or in-phase opposition to the rotor current. The control
strategy aims to regulate the speed of the generator to force the turbine to operate such
that it will [18],

i Limit the minimum speed of operation (region 1) at low wind speeds.
ii. Follow the curve of maximum power extraction from variable speed operation
with partial load (region 2) at intermediate wind speeds.
iii. Limit the maximum speed at partial load operation up to the rated generator
power (region 3) at high wind speeds.

3. System M odelling
3.1. Wind-turbine M odelling

Commonly, the torque and power are expressed in terms of non-dimensional torque and
power coefficients (Cq) and (Cp) respectively as follows[18& 19]

T, = %WRGGQ.; A AIVE,
D
o v oo L |
F =Cpih APy = Ep?r!? Cp(Ah, 31V,
@)

Note that the coefficients are written in terms of the pitch angle B and the so-called tip-
speed-ratio A defined as

2.R
A= T

©)

Figure (2) depictstypical coefficients Cq (L) and Cp (1) of fixed pitch turbines in two-
dimensiona graphs.
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Fig. (2). Typical variationsof Cq and Cp for a fixed-pitch wind turbine

3.1. Single-Fed Induction Generator M odelling

Figure (3) showsthe steady state equivalent circuit of the normally runinduction generator
with its stator terminals connected to the supply, and itsrotor is short-circuited. Thisisthe
usual equivalent circuit of induction machines[2] keeping in mind that the slip is negative.

Fig. (3). SFIG Equivalent circuit (Generator convention refer ence)
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The shaft torque of the generator is governed by the following Equation (2):

3VZR,/s

T= (4)
ws[(Rr + Ry/5)* + (X1 + X3)?]
Thevinin’s equivalent circuit parameters; Vr, Ry and Xr, are given by
ViZ
= 12 ms > (5)
\/(Rl + Rms) + (Xl + Xms)
Rr+ jXr = (Ry +jX1)// jXm // Rm (6)

Where Rins and X s are the components of Zns the equivalent series impedance of the

parallel combination Ry and X,

The output current, power factor, active power, reactive power and losses at a specified
dip; sand terminal voltage; Vs can be determined as usual for the ac circuit analysis using

the generator equivalent circuit.

3.2 Double Fed Induction Generator M odelling

Figure (4) shows a frequency domain circuit model of the 3-phase induction generator
when doubly fed [2]. The stator terminal voltage is considered constant assuming an ideal
network linking transformer. The injected voltage in the rotor is assumed pure sinusoidal

due to the filters action.

Fig. (4). Equivalent circuit of the DFIG
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The equations governing the generator different voltages, currents and power
components are as follows:

Pm=(1-9) (-312R/s+ 3 Vsl Pf) @)
Pe= 3VslsPfs. 3Vl Pf; (8)
PlLoss = Poore + Pou = Pm - Pe ©
n=PdPn (10)
Qs =3 Vslssin (ys— ¢s) (11)

Q =—3V, I sin (yr—¢r) (12

In the previous eguations, the different phasors are denoted as
Vs=VslLyg ls=lsLogs Vi=ViLyrand ;=1 Lgr (13)

In the case of the basic control strategy where the rotor injected voltage is in phase
or in phase-opposition, the rotor injected voltage can be considered as a voltage drop on a
positive or negative resistance added in the rotor circuit.
The induced torgue of the induction generator is related to the applied voltage, dip
and the equivalent circuit parameters as follows [2]:
3VZR,/s

£ ws[(Rr + Ry /5)? + (X7 + X3)?]

(20)

where V1, Rr and Xy are the Thevenin'sequivalent circuit parameters of the stator, and Rz
isthe total resistance of the rotor circuit and is given by

Ra= R2 + Rad (21)

Where Ruqis the virtual added rotor resistance.

Vi= -1r Raud (22

Depending on the sign of the added rotor resistance, and adopting the generator
convention reference, the rotor injected voltage will be in phase opposition to the rotor
current when Raxq iS positive, while it will be in phase with the rotor current when Ragq is
negative.
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4. Algorithms and Computation M ethodologies

4.1 Algorithm of Computing the Performance of the Single Fed Induction
Generator

The SFIG performance characteristics at different wind speeds are determined

using the following a gorithm:

i- The generator is assumed to run near its synchronous speed (1500 rpm) at
wind speed 6.75 m/s while the tip-speed ratio; A, at this condition gives the
maximum C,, value of the turbine (0.445).

ii- At other value of the wind speed, keeping in mind that the generator still
runs very near to its nominal synchronous speed, the tip-speed ratio is
determined.

iii- Using the characteristic of the wind-turbine (Figure (2)), Co and C, are
determined, and consequently the mechanical torque is determined.

iv- At thistorque, the dip is determined using Equation (4).

V- At this dlip, the generator speed is determined, and hence new value of tip-
speed ratio is determined. Then the steps are repeated starting from step (iii)
till afinal value of dip is achieved.

Vi- At this dlip, the output current, active power, reactive power and power
factor etc. are determined using the equivalent circuit of the SFIG (Figure
3)

4.2 Algorithms of Computing the Performance characteristics of the DFIG

The phase of the rotor injected voltage required to adjust the generator speed and
consequently the wind turbine at the point of maximum extracted wind mechanical power
depends on the val ue of the wind speed. At wind speeds higher than the base speed (about
6.75 m/sin our case), the phase is such that electrical power is drawn from the rotor, and
the generator is driven at super-synchronous speeds. At wind speeds lower than the base
speed, the phase is such that electrical power is delivered to the rotor, and the generator is
driven at sub-synchronous speeds. At speeds higher than the base speed, the rotor injected
voltage should be in phase opposition with the rotor current or around this phase. At speeds
lower than the base speed, the injected rotor voltage should be in phase with the rotor
current or around this phase.

An analytical technique is used in the case of the basic control strategy using the
following agorithm:

i.  Atany wind speed, the generator speed and, hence the corresponding generator
slip will be determined such that the tip speed ratio is the one corresponding to
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the maximum power coefficient to trace the maximum extracted wind
mechanical power.

ii. At this wind speed, the turbine driving torque corresponding to the maximum
extracted wind mechanical power is determined using Figure (2) and Equation
(2).

iii. At steady state the induced generator torque is equated to the turbine torque.
Thus, using Egn. 20 is used to determine the virtual added resistance; Raig on
which the rotor injected voltage appears. Two values of Ra Will be obtained,
and one proper valueis chosen such that operation in the stableregion isrealized.

iv. Using the equivalent circuit of Figure (4) replacing Vr by Raqq, al the generator
variables such as the stator current, rotor current, output electrical power, losses,
efficiency, e.t.c are determined.

5. Results and Discussions

A system consisting of awind turbine drivinga2 MV A DFIG has been studied. The
specifications and parameters of the system are given in Appendix 8.1.

5.1 SFIG Performance Char acteristics

To evauate the performance characteristics of the DFIG, it will be helpful to
compare it with the SFIG. The SFIG performance characteristics have been determined
using the agorithm given in section 4.1. The initial input tip-speed ratio, torque
coefficient, and driving torque at different wind speedsin this case are given in Appendix
8.2.

The computed performance characteristics in case of SFIG are shown in Figures (5-8)
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The computed performance characteristics of the SFIG reveal s that the output active
power increases as the wind speed increases (Figure (5)). The generator efficiency
increases as the wind speed increases till it reaches a maximum value of about 86 % at
wind speed of about 6 m/s (Figure (6)). At higher wind speeds, the efficiency begins to
decrease again. The generator consumes reactive power, and this reactive power increases
as the wind speed increases (Figure (7)). Although the reactive power increases with the
increase of the wind speed, the stator power factor increases as the wind speed increases.
The stator power factor exhibits a saturated pattern at speeds above the base speed (Figure
(7). Investigating the stator and rotor currents depicted in Figure (8), it can be concluded
that to avoid overloading the generator, it should not be operated at wind-speed higher
than about 8.3 m/swhen single-fed. At wind-speeds higher than 8.3 m/s, the stator current
will exceed itsrated value (1760 A). Thus, the maximum output power is about 1.76 MW
at wind speed of 8.3 m/s. It is useless to operate the generator at wind speeds less than 5
as the output power will decrease to the extent that at wind speed around 3.3 m/s, the
generated power will not be enough to cover the stator losses. The machine will draw
electrical power from the stator side to cover part of the stator losses.

5.2 DFIG Performance Char acteristics

The three regions of operation of the DFIG system is shown in Figure (9) which
gives the relation between the generator speed and the wind speed over the three regions.
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Fig. (9). DFIG speed versuswind speed for the 3-operation regions.

The input mechanical power to the generator at differen wind speeds over the three
regions of operation isgiven in Appendix 8.2.

The magnitudes of the rotor voltage which should be injected in phase or in phase-
opposition to the rotor current such that the generator runs at speed enabling the turbine
to extract the maximum mechanical power from the wind have been cal culated at different
wind-speeds using the algorithm presented in Section 4.2. The performance characteristics
of the DFIG which is controlled using this basic control algorithm are shown in Figures
(10-14).
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Fig. (12). The generator efficiency ver susthe wind speed when employing the basic
control strategy
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Comparing the performance characteristics of the DFIG when employing the basic
control strategy to those of the SFIG reveals the following:

The output active power of the generator isincreased by double-feeding especially
at wind speeds far from the base speed. For example, at wind speed of 3.5 m/s,
the total output active power is 0.113645 MW for DFIG while it is about 0.012
MW for SFIG which means an increase of about 847 %. At wind speed of 9 nvs,
the total output active power is about 2.09131 MW for DFIG while SFIG is not
alowed to work at this speed. The maximum output power of the SFIG is about
1.76 MW at 8.3 m/s. This means an increase of the maximum output power of
about 18.82 % (Figures (5 and 11)).

The generator efficiency has a maximum value of about 84% at wind-speed of
about 6.5 m/s, while the lowest efficiency value is about 51.4% at wind speed of
3.0 m/s (Figure (12)).

The DFIG consumes reactive power from the stator side ranging from 0.59565
MVAR up to 1.16322 MV AR, while the SFIG consumes reactive power ranges
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from 0.5876 MVAR at 3.5 m/sup to 1.145 MV AR at 8.3 m/s. The reactive power
consumption is more or less the same (Figures (7 and 13)).

- The DFIG does not consume any reactive power from the rotor side. This is
expected as the injected voltage is in phase or in phase opposition to the rotor
current.

- Although the output power of the generator is clearly increased by doubly feeding
it, the stator and rotor currents are almost within their rated values over the entire
wind speed range (Figure (14)). The stator current isslightly above itsrated value;
1.012 p.u, at wind speed of 9 m/s.

6. Conclusions

The present research is aimed at improving the performance of the double-fed
induction generators used with wind turbines at different wind speeds through employing
control techniques from the rotor side. The inverter-rectifier set in the rotor circuit has
been adjusted to inject a voltage in phase or in phase-opposition to the rotor current such
that the generator runs at the speed which allows the wind turbine to extract the maximum
mechanical power from the wind, while the apparent power dealt with through the rotor
dlip rings is minimized.

The results show that the rotor injected voltage phasors required for each control
strategy are somewhat different at each wind-speed, and clearly vary as the wind speed
changes. The variation can be described for the three modes of operation as follows:

i- Over the first mode of operation and up to the base wind speed, the phase of
the rotor injected voltage is around the rotor current phase.

ii- Above the base wind-speed, the phase of the rotor injected voltageis around
the phase-opposition of the rotor current.

iii- The magnitude of the rotor injected voltage is more or less constant over the
first mode and over the third mode. While, over the second mode it decreases
rapidly as the wind speed goes in the direction of the base speed.

The utilized wind energy, and consequently the output power from the DFIG is
clearly increased when compared with those of the SFIG.
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8. Appendices

8.1 Generator and Turbine Data
The data and parameters of the studied induction generator and wind-turbine are given in
Tables (1-3).

Table (1). Main Characteristics of the Generator

Nominal stator active power 2.0 MW
Nominal torque 12732 Nm
Nominal stator voltage 690V

Rotor to stator voltage ratio 2.6

Nominal stator current 1760 A
Nominal rotor current referred to the stator side | 1807 A
Nominal speed 1500 rpm
Speed range 900-2000 rpm
Pole pairs 2

Table (2). Parameters of the Generator Circuit M odel

Magnetizing inductance Lm 2.5 mH
Rotor leakage inductance L, 0.087 mH
Stator leakage inductance Ls 0.087 mH
Rotor resistance Ry 0.026 ohm
Stator resistance Rs 0.029 ohm

Table (3). Turbine Parameters

Type Horizontal axis turbine
Radius 62 m

Nominal wind speed 9m/s

Variable speed ratio (minimum- 9-18rpm

maximum turbine speed)

Optimum tip speed ratio 6.3

M aximum power coefficient Cy max 0.455

8.2 Wind-turbine Initial Mechanical Outputsin Case of SFIG
The wind turbine extracted torques in case of SFIG at different wind speeds are givenin
Table (4).
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Table (4). Initial inputs of the wind-turbinein case of SFIG
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Appendix 8.3: Wind-turbine Mechanical Power at Different Wind Speeds
The mechanical power extracted from the wind at different wind speeds over the three
regions of operation isgivenin Table (5).
Table (5). Wind-turbine mechanical power at different wind speeds
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