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Abstract: This paper gives a description of a wind
generator system composed by a doubly fed induction
generator (DFIG), its dynamic model and each one of its
subsystems. Also, the control logic that regulates the
active and reactive power delivered by the DFIG is
described. The electrical control logic is based on stator
flux oriented technique and the turbine speed is controlled
varying the blade pitch angle. The three regulators found
had been designed using the frequency domain approach
based on genetic algorithms.
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L INTRODUCTION

he dramatic growth of wind power systems has
pushed research and publications about this

topic around the world. South America is not an
exception. The mathematic models of wind power
systems with their subsystems has been treated in
different doctoral thesis, [1], [2], [3], [4], addressing in
more or less detail, the diverse phenomena which
appear during the transformation process of wind
energy in electric energy (aerodynamic, mechanic and
electromagnetic phenomena).

The technology is changing the way electric power
is converted from wind power. Initial projects
employed turbines of constant speed and squirrel cage
induction motor. Now, turbines of variable speed and
doubly fed induction generator (DFIG) are being
employed. The stator winding of the DFIG is
interconnected to the electric network at constant
frequency and the rotor winding is interconnected to a
system of magnitude, phase and frequency variables.
This system is composed by an AC/AC inverter that
regulates the active and reactive power delivered by the
DFIG to the grid in spite of fluctuating wind.

A control scheme used in DFIG is based in the
oriented field control. The main advantage of this
scheme is the decoupling of the DFIG dynamic. This
decoupling permits to implement two independent
regulators to the rotor current components: I and I,,,
allowing regulate the output power too [5], [6], [7], [8],
[9]. Its control logic is backed up with a system that
regulates the mechanic speed of the rotor using a PI
regulator which varies the blade pitch angle [10], [11],
[12].
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Given that certain wind turbine system parameters can
change over time, new approaches based in LQG [11],
Hinf [12] and adaptive control [13], among others, has
been proposed. Those approaches seek to avoid
dependence upon parameter variations and wind speed
variations.

II. DYNAMIC MODEL OF THE WIND

The wind speed distribution over the rotor swept
area can be calculated as the sum of two components at
hub level: the first is the average speed and the second,
called turbulence, related with the temporal variations
of the wind speed but defined in frequency domain with
the Kaimal spectrum [3]:
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where
f  Frequency
L Turbulence length scale
z  Tower height
o  Stantadard deviation of the wind speed
I Turbulence strength
V, Average wind speed

To simulate the fluctuations of the wind in the time
domain a white noise generator is used interconnected
to an analog filter [2] that shows a power spectral
density (PSD) very approximate Kaimal model and
given by equation (4).
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In a turbine of three blades, spaced 120 degrees, has
been found that appearing fluctuations in the
aerodynamic torque are produced by third order
harmonic components of the turbulence, with a
fundamental frequency of equal value to the speed of
the rotor. This situation is known as “rotational
sampling of turbulence” (reported as the main cause of
flicker from wind turbines). The block diagram shown
in figure 1 models this situation. This system generates
a wind speed time series sequence located at hub level.
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Fig. 1 Block diagram representation of the equivalent wind speed
model

where 0 is the turbine displacement angle. The boxes
H(0,f) and H(3,f) that represent the effects of the dc and
third wind speed harmonic components on turbine shaft
torque respectively, are given by
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where R is the turbine blade radius.

HG.f)= (M

III.  AERODYNAMIC ROTOR MODEL

The conversion of the wind power to mechanical
power by the wind turbine rotor can be calculated by:
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where P is the rotor mechanical power, p is the air

density, 4 is the rotor surface, V' is the wind speed at
the center of the rotor (Fig. 1), C, is the rotor
aerodynamic power coefficient, S is the blade pitch
angle and wg,, is the turbine angular mechanical
speed.

The rotor aerodynamic power coefficient C, depends
on the aerodynamic design of the turbine. Any design
of wind turbine has a theoretical maximum value of
0.593, called Betz limit. C, can be calculated using
equations (11) and (12)
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IV.  MECHANICAL MODEL

There are wind turbine mechanical parts such as
blades, low speed shaft, gear box, high speed shaft and
generator that form a mechanical system that can
transmit oscillations to the grid. Such dynamic system
is represented by a four mass equivalent model (Figure
2.). This model may be described as follows:
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Tyer Aerodynamic torque
JRot Blades and rotor hub moment of inertia

Kror Low speed shaft tortional stiffness
Dy Low speed shaft damping coefficient

Wpo Turbine angular speed
J) ..
Ergl Gear boxes moment of inertia
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)
1
» Gear boxes angular speeds
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Nng Ratio gear box

Keen High speed shaft tortional stiffness
Dgen High speed shaft damping coefficient



Wg,, Generator angular speed

JGen Generator moment of inertia
Titec Generator electromagnetic torque

TC% D gen Wgen I gen

Aer

Rotor

Turbina " Generador

Fig. 2 Four mass mechanical equivalent
V. DFIG MODEL

Here, the doubly fed induction generator based on
variable speed use induction machine model in two axis
d-q reference frame rotating at w, synchronous speed.
Beginning with stator currents, the transformation
equations to d-q coordinates is given in equation (21):

i

To rotor currents, the transformation equations to d-q
coordinates are given in equation (22):
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By applying the d-q transformation, using equations
(21), (22) and (23), the stator and rotor voltages
equations result:
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where

R,  Stator winding resistance
Ly Stator winding inductance
R, Rotor winding resistance
L,, Rotor windig inductance
L,, Mutual inductance

P;  Even number of poles

The electromagnetic torque, the active and reactive
power on the stator side in the d-q coordinates are given
respectively as:
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There are two operation modes of DFIG, which depend
on the magnitude and phase of rotor voltage respect to
induced voltage: In the sub-synchronous operation
mode, magnitude rotor voltage is greater than induced
voltage magnitude, and the rotor voltage is in phase
with the induced voltage. In the super-synchronous
operation mode, magnitude rotor voltage is less than
induced voltage magnitude, and the rotor voltage is the
anti-phase with the induced voltage. In order to avoid
the instability of the generation system is best to control
the DIFG generated power applying rotor voltage
between 0<V, <o and -»<V, <0, using the

super-synchronous operation mode.



VI.  STATOR FLUX ORIENTED CONTROL

This approach seeks to emulate the control of a
direct current machine, having into account the next
considerations:

= Stator resistance R, is neglected, mainly on power
machines greater than 10 kW.

= Magnetization current phasor |a

, is supposed

constant.
= Grid frequency is supposed constant.

Assuming that stator flux magnitude and direction are
kept constant, the magnetic flux equations, equation
(27), may be expressed as
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The above equations can be used to obtain the DFIG
simplified model, equations (36) and (37).
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The active and reactive power in the coordinates system
are given by
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VII. ROBUST Hinf CONTROL

The stator flux oriented control is used in order to
decouple the control of the active and reactive power.

The proposed stator flux oriented control uses two
robust and independent controllers based on direct and
quadrature axis components of the rotor current, I,
and, I, respectively.

Figure 3 depicts the block diagram representation of
the control structure developed, where 1, . and

Iqr > arc obtained from equations (38) and (39),

respectively. The anti-windup compensator constant is
adjusted in order to the resulting system, with the
integral action given by the robust control regulator, is
effectively not affected by saturation. The transfer

functions I% and I% are equals and are obtained
dr

A4
from the space state DFIG representation, equation
(36), taking into account that slip is constant.
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Fig. 3 Block diagram of a PI control
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During the design stage the command hinfopt of the
Robust Control Toolbox of Matlab was used.
Previously, cost functions were defined to the next
variables: a) error signal (W), b) control action (W),
and the output signal (#;), equation (40).

The selection of &, a; y b; was carried out using
genetic algorithms (GA), equation (41). The objective
function is based on the transient response of the
system when is excited with a step input, minimizing
the ITSE and ISE performance indexes related with the
error signal, e(?), and the control action, u(?)
respectively. N is the number of points, used to evaluate
the transient response, at which the system reach the
steady state. #(i) is the simulation time.
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The following GA parameters were used: a)
Crossover rate of 70%, b) Mutation rate of 0.5% c)
Population size of 20. The algorithm is stopped if the
standard deviation of performance function of each



individual is less than 0.01 or if maximum number of
iterations is exceeded; here 500.

The speed control of the turbine is carried out using the
pitch angle control technique. The control scheme is

shown in figure 4. The plant model, G(s) = a)g% , 18

obtained linearizing the equation system via Taylor

expansion.
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Fig. 4 Anti-windup speed robust control
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The robust controller was designed again, following
the steps given above, but the new objective function is
defined by equation (42). The new GA parameters
were: a) Crossover rate of 60% and b) Mutation rate of
0.5%, while all other parameters were kept constant.

f= 100—(0,05it(i)*e(i) +0,01§:u(i) J (42)

VIII. EVALUATION OF THE PROPOSED
CONTROL SYSTEM

To show the effectiveness of the proposed Hinf
Robust Controller, a comparison is made with the
designed PI controller with GA method [16], using the
turbine NM 2000/82, manufactured by Neg Micon. The
reference values correspond to the following: active
power -2 MW and mechanic speed 1515 rpm.

Figure 5 shows the time response of the system
using an average wind speed of 14.5 m/s and wind
turbulence of 40%. Comparing the variables, the
control action of the robust controller and the PI
regulator are practically identical to the control loop of
the mechanic speed of the shaft, but, the Hinf regulator
can’t follow the mechanic speed of the shaft around the
rated mechanic speed of the induction generator.
Otherwise, the active power remains constant during
wind speed fluctuations, even though the control action
Var, was increased. If the average wind speed is near to
the rated speed of the turbine, 11 m/s, the response of
the two controllers is practically identical, see Figure 6.
Therefore, it is recommended to use the robust
controller when the wind speed is greater than the rated
speed of the turbine.
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Fig. 5 PI controller vs. Robust controller. a) Wind speed — 14 m/s. b)
DFIG mechanic speed. c) DFIG active power.

In order to obtain the mechanical parameters of the
actuator that regulates the mechanic speed of the
turbine, the behaviour of the system during average
wind speed variations was analyzed, taking 11 m/s and
24 m/s as the limits. Figure 7 shows that the maximum
variation of the pitch angle is about 22 degrees with an
angular variation of 17 degrees per minute. These
characteristics are fullfilled by commercial hydraulic
actuators used to control the pitch angle.
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Fig. 7 Pitch angle control. a) Wind profile. b) Pitch angle

The electrical specifications to the DFIG rotor
inverter can be obtained from figure 8, taking as
reference an average wind speed of 24 m/s:

Voltage phase (max.) 0to35V
Power 130 kW
Frequency 0to5Hz
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Fig. 8 AC/AC inverter a) Power flow. b) Rotor voltage

TABLAI

DFIG PARAMETERS
Frequency [Hz] 50
Stator winding resistance [Q] 0.001
Stator winding inductance [mH] 0.07
Rotor winding resistance [Q] 0.0013
Rotor winding inductance [mH] 0.08
Mutual inductance [mH] 3
Even number of poles 2
Moment of inertia [Kgm®] 65
TABLA I
MECHANICAL PARAMETERS
Momerzlto f inertia of the blades and the hub 49.5%10°
[Kg-m’]
Low speed shaft tortional stiffness [Kg-m%/sg’] 114*10°
Low speed shaft damping coefficient [Kg- 10°
m?/sg’]
High speed shaft tortional stiffness [Kg-m*/sg] 755.658*10°
High speed shaft damping coefficient [Kg- 1%10°
m?/sg]
Gear box ratio 83.5

IX. CONCLUSION

An effective way to control the active power
delivered by a DIFG, during high wind speed, is
combining stator flux oriented control and pitch angle
control. The simulation shows that the Hinf controller
is more robust during variations of the wind speed
compared with a PI controller, though the mechanic
speed is greater than 40 rpm over the rated speed.

The performance index ISE and ITSE are a good
alternative to obtain the performance function to design
Hinf controllers. This allows obtain an optimal
controller for each one of the three decoupled variables
of the turbine dynamic model: rotor current Idr and Iqr,
thus allowing to regulate the active and the reactive
power and the mechanic speed of DFIG.
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