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Abstract: Nowadays, application of renewable energies has taken a rapid trend. Wind energy is among those
mostly used for this purpose. Doubly Fed Induction Generators (DFIG) are widely used in wind power plants
due to several advantages such as partial rating converter, capability of decoupled active and reactive power
control, etc. Application of a suitable control strategy is of great importance in wind power plants. In this paper,
the parameters of a hybrid controller are calculated using Particle Swarm Optimization (PSO) subjected to
satisfying the required criteria in output active and reactive powers of a DFIG. In the proposed system Direct
Power Controller (DPC), Variable Structure Controller (VSC) and Space Vector Modulation (SVM) have been
applied to the converters. Simulation results show the validity of the proposed control approach.
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INTRODUCTION

Wind energy has attracted great attention due to
several advantages such as low pollution, being relatively
endless and being free. This has been the motivation for
developing new methods for its production, control and
optimization. It is predicted that the total annual capacity
of it will be increased by a factor of 25% and the operation
expenses will be decreased about 20 to 40% [1].

Wind turbines can be divided into two categories,
nominated as fixed speed and variable speed turbines.
The generator is connected directly to the grid in fixed
speed turbines while there is a power electronic device in
variable speed ones. Variable speed turbines have several
advantages such as lower mechanical stress and audible
noise, lower power fluctuations and the ease of active and
reactive power control. Moreover, using these turbines
results in increasing the energy efficiency [2].

Recently, the overall aim of most of the wind energy
conversion systems (WECS) has been to provide a
constant frequency output voltage from a VSC. This has
given rise to the term Variable Speed Constant Frequency
(VSCF). ADFIG can supply power at constant voltage and
frequency while its rotor speed varies. This provides more
flexibility in power conversion and also better stability in

Turbine AC/DC/AC converter g L

Three-phase
Grid

‘ Induction
Generator

......................

Pitch angle

Fig. 1: Wind turbine and DFIG system [2]

frequency and voltage control in the power systems
to which such generators are connected. A DFIG consists
of a wound rotor induction generator (WRIG) with the
stator windings directly connected to the three-phase grid
and the rotor windings connected to a back-to-back
partial scale (20-30% rating) power converter as shown in
Fig. 1 [2].

Such an arrangement provides flexibility of operation
in sub-synchronous and super-synchronous speeds both
in generating and motoring modes. The power converter
needs only be rated for a fraction of the total output
power, the fraction depending on the allowable sub- and
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super-synchronous speed range. This results in lower
converter cost and reduced power loss [3].

The magnitude and direction of rotor power
should be controlled
voltage at constant frequency. Various schemes have

mm order to have constant

been proposed for the control of DFIGs which can be
generally put into two categories:

Schemes that either neglect the nonlinear nature
of the equations of the machine or try to take
it into account by simple feed forward compensation
[4-13].

Schemes incorporating nonlinear control methods
such as input-output linearization, back-stepping,
sliding mode control, etc [14-21].

It 15 rational to expect the second schemes to have
better performance in terms of steady state error,
decoupling between quantities such as stator active-
reactive power and the speed of tracking power
commands. Therefere, a nonlinear control method has
been chosen in this paper to take advantage of the
mentioned properties.

In [22], a control method has been applied using a
rotating reference frame fixed on the gap flux of the
generator and can control active and reactive powers
independently and stably. The characteristics of the
control system have been proved by experiment.
Reference [23] has applied a vector control method to
DFIG. This enables the decoupling between active and
reactive powers as well as between torque and power
factor. An optimal control strategy for the two converters
18 developed. This strategy aims to mimimize the electrical
losses which results in optimizing the system overall
efficiency. This scheme is based on the splitting of the
reactive power flow in the system and allows having both
leading and lagging power factors. In [24], two different
control schemes are studied to achieve a decoupled
control of the active and the reactive powers. First of all,
a classical PI controller designed by means of the pole
placement techmque 1s investigated Secondly, a
predictive-integral controller 1s realized. The objective of
both control schemes has been set to obtamn a deadbeat
system. The design of these control systems 1s developed
i discrete time and a comparison of both methods s
carried out. In [25], a DPC strategy has been used as an
alternative to the vector control method. This method was

first used in three-phase PWM rectifiers [26], where the

317

converter switching states were selected from an optimal
switching table based on the instantaneous errors
between the reference and estimated values of active and
reactive power and the angular position of the estimated
converter terminal voltage vector. In [25], the required
rotor control voltage, which elimimates active and reactive
power errors within each fixed time period 1s directly
calculated based on stator flux, rotor position and active
and reactive powers and their corresponding errors. No
extra power or current control loops are required,
simplifying the system design and improving transient
performance. Constant converter switching frequency is
achieved which eases the design of the power converter
as well as the ac harmonic filter.

As the original DPC method results in active power,
reactive power and current pulsations in steady state
operation, the VSC method 1s presented in [27], using the
principles of an active and reactive power controller
known as modified DPC where VSC and SVM are
combined to ensure high-performance operation.

Recently, Al and soft computing methods such as
fuzzy logic and intelligent optimization algorithms have
been used in DFIG wind systems. As tuning the PT
controllers in rotor side converters of the DFIG control
system is a tedious work and it is difficult to tune the PT
gains optimally, an approach to use the PSO algorithm has
been proposed in [28] to design the optimal PI controllers
for the rotor-side converter of the DFIG. A new time-
domain fitness function i1s defined to measure the
performance of the controllers. Fuzzy controllers have
also been used for control of DFIG [2, 29].

In this paper, a combination of novel optimization
techniques with VSCs 1s used to extend the other works
in control of DFIG systems. It has been tried to enhance
the performance of the system using novel methods.
Wind Turbine Characteristics: Based on the wind
turbine aerodynamics, the turbine catches only a part of
the kinetic energy contained in the wind. The power
extracted {rom a wind turbine 1s a function of the wind
power available, the power curve of the machine and its
ability to react to wind variations. The power and torque
extracted from the wind can be expressed as: [2]

1 1
By =2 pCH G BV W
P, 1 2
Ty =" =" pCr(A, B, AV} 2)
. 2
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Fig. 2: Power coefficient vs. tip speedratio [2].

where P is the rotor mechanical power (W), T the turbine

torque (N.m), ¥, the wind speed at the center of the rotor

(mfs), ,_ .2 the rotor swept area {m?), p the air density
i

% the rotor angular velocity (rad/s), r,,

i

(kg’l{ mS)a ﬂ)r =

the turbine radius (m), ', the rotor power coefficient, the
percentage of the kinetic energy of the incident air mass
that is converted to mechanical energy by the rotor
{(maximum value Betz’s limit 59.3%0), C; the torque
coefficient, ', and ; are non-linear functions with
respect to the tip speed ratio and the pitch angle related

by the following equation: ¢4, 8) = Acr (4, 8) - Gis the

pitch angle of rotor blades (degrees). and 3 — Dl s the
£t

tip speed ratio, defined as the ratio between blade tip
speed and wind speed upstream the rotor. An example of
power coefficient C» versus tip speed ratio is shown in
Fig. 2: the maximum power coefficient (5, corresponds
to the optimal tip speed ratio A, Clearly, the turbine
gpeed should be changed with wind speed zo that
optimum tip speed ratio is maintained. This is called
Maximum Power Point Tracking (MPPT).

As an example, the relation of C: can be considered
as following: [29]

-125

C, (4. 8) = 0.22(% —0.48-5) 4

(3)
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Fig. 3: Equivalent circuit of DFIG in the arbitrary

reference frame [8]

Dynamic Equations of DFIG: The d-qmodel of a DFIG in
an arbitrary reference frame is expressed as follows: [27]

Ve = Rl +%+ja;-ﬁ,5 @
ot
o ) 5
b =R+ 2 0= 0, &)
A’s =A’ds + fﬁ'qs
Ar = ’lair +: f}'qr
;Lds =Lolge + Lyplgr
A’qs = Lqus + LmIqr ©6)
ﬁ'dr = erd,, + meds
A’qr = Lr‘rqr + meqs
Li=Lp+ Ly
Ly=Lp+ 1L,

where [, I, {4, [, and A4, A, 4., A, are the currents and
flux linkages of the stator and rotor in the d-axis and g-
axis, R, and R, are the resistances of the stator and rotor
windings and w, is the rotor speed. An equivalent circuit
is set up by means of the voltage and flux equations in the
arbitrary reference frame, as shown in Fig. 3.

The Particle Swarm Optimization: PSOis a population
based stochastic optimization technique developed by
Eberhart and Kennedy in 1995, inspired by social behavior
of bird flocking or fish schooling [30]. It has shown to
have sguitable performance in various optimization
problems [31, 32].

PSO is similar to a GA [2] in that the system is
initialized with a population of random solutions.

PS50 is unlike GA, however, that each
potential solution is also assigned a randomized velocity
and the potential solutions, called particles, are then

in

“flown™ through hyperspace. Each particle keeps track
of its coordinates in hyperspace which are associated
with the best solution (fitness) it has achieved so far
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Fig. 5: PSO general flowchart

(The value of that fitness is also stored). This value is
called pbest. Another “best” value is also tracked. The
“global” version of the PSO keeps track of the overall best
value and its location, obtained thus far by any particle in
the population; this is called gbest. The velocity and
position of each particle is according to the following
relation:
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Fig. 6: Variable structure active and reactive power control

V;(t +1) = Inertiax v,(t) + c;r(Xpbest; — X;)
+eory (Xgbest; — X;) (7
X+ =x0)+v,(+1)

is “Inertia” is the inertia

where velocity,

Vi (1)
coefficient of the particle, ¢, and ¢, are acceleration
coefficients of the particle and », and r, are random
numbers. The function of the operators has been shown
schematically in Fig. 4.

The flowchart of the PSO algorithm is shown
in Fig. 5.

Proposed Control System: In this paper, a combination of
the DPC method with VSC and SVM has been considered.
The block diagram of the used VSC system has been
shown in Fig. 6 [27].

In this system, Rf" and Q;k are reference stator active
and reactive powers while K, Kpp, Kp are the
proportional-integral controller gains.
the grid, SVM, DFIG and
turbine are fed to the system while the output of
the system will be considered as the input to the
converters (¥, in this paper). Wind speed has been
taken constant for simplicity. This causes some of the
time derivative terms to be zero which simplifies the
analysis [27].

Parameters from

Simulation Results: Performance of the proposed
method is simulated using Matlab/ Simulink®
and its effectiveness is investigated. A 5 kW DFIG,
whose nominal parameters are reported in Table I,
is used.

Initially, the system has been simulated using DPC
and VSC without using PSO. The used parameters in this
approach are shown in Table II.
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Table 1: DFIG Parameters

Stator Resistance (R1) 0.950 Magnetizing Inductance (T.m) 0.041 H
Stator Inductance (L1) 0.094 H Pole Pairs 3

Rotor Resistance (R2) 0456 Rotor Tnertia (T 0.05 Kg.m®
Rotor Inductance (1.2) 0.022H Nominal Torque (N.m) 50 N.m
Table 2: System Parameters Before Optimization

Control Variable KPQ KIQ KPP KIP
Value 0.4 500 0.45 600
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Fig. 7. Stator active and reactive powers for the non-
optimal controller
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Stator active and reactive powers using these
parameters are shown in Fig. 7.

In the next stage, optimal controller parameters are
calculated using PSO. It 13 then required to define a
fitness function for simulating using PSO. This function
15 selected based on such criteria as system stability,
response speed, response error and overshoot.

Step Response
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Fig. 9: Stator active and reactive powers for the optimal
controller using integral of output error

Here, the time mtegral of absolute value of output
error is selected as the objective function:
Long
COST = [ (3, (1=t (8)
0
where y,(£) is system output at time ¢ and 3 is its reference
value. The objective function should minimize this cost.
Fig. 8 shows the variation of cost function in successive
iterations.

The values of control vanables after 100 iterations are
shown in Table III:

Using these control parameters, the system has been
simulated again where stator active and reactive powers
have been depicted in Fig. 9.

At the third stage, the time derivative of output error
is also considered in order to remove the startup
oscillations present at active and reactive powers.

ks L
end y end d y
COST = £|(yo(z)—y )|dz+£|;<yo<z>—y de (9

Using this cost function for PSO, its variation m
successive iterations will be as in Fig. 10.
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Table 3: System Parameters after Minimization of Integral of Output Error

Variable Control KPQ KIQ KPP KIP
Variable Sum 0.8435 400 0.3 800
Table 4: System Parameters after Minimization of Integral plus Derivative of Output Error
Variable Control KPQ KIQ KPP KIP
VariableSum 0.8435 400 0.3 800
Table 5: Parameters of Pso During S8imulation.
Parameter ParticleNo. Iteration No. C1 c2
Value 40 100 1.5 2.5
10*
5 X g 200
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Fig. 10: Cost function (integration plus derivative of
error) variation in successive PSO iterations
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Fig. 11: Stator active and reactive powers for the optimal
controller using mtegral plus derivative of output

error

The controller parameters will change to optimal
values shown in Table TV.
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inFig 11.

In all of the above simulations, the parameters of PSO
have been set as shown 1 Table V.

The simulated scenario is described in the next
paragraph.

The generator is first operating at a speed of 100
elect-rad/s with the reference active and reactive
equal to -600 Watts and -300 VARs

respectively (The minus sign denotes production and the

commands

plus sign denotes consumption). At the third second the
reactive command changes from -300 VARSs to +300 Vars.
This process continues till the speed changes to 150
elect-rad/s in the fifth second. Finally, the active power
command changes from -600 W to -800 W in the 7™
second. Of course, it 13 worthy to mention that in a wind
power plant, neither the active nor the reactive power
commands are actually constant. The active power
reference is a cubic function of rotor speed while the
reactive power reference is usually the output of the loss
minimization subsystem.

The waveforms o f active and reactive powers
are depicted m Fig. 12. It 15 seen that there 1s a
good reference power tracking. The rotor d and g
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Fig. 14: Rotor d and g-axis voltages
axis current components mn the rotor reference frame are
shown in Fig. 13 and its voltage components are

demonstrated in Fig.14.

CONCLUSION

A combination of variable structure control with

particle swarm optimization was used in order to control

stator active and reactive powers of a doubly fed
induction generator. Parameters of the controller were
chosen using the PSO method. Different fitness fimetions
can be considered in order to have the desired output
respeonses m regards to the control criteria. It was shown
through simulation results that less oscillations and zero
steady state error can be achieved via mimmizing the
mtegral and derivative of output error simultaneously.
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