%HA

International Information and
Engineering Technology Association

Direct Power Control of a Wind Turbine Based on Doubly Fed Induction Generator

Ibrahim Yaichi'*, Abdelhafid Semmah?, Patrice Wira2

LElectrical Engineering Dept., University of Djillali Liabes, Sidi Bel Abbes 022000, Algeria
2IRIMAS Laboratory, University of Haute Alsace, Mulhouse 68093, France

Corresponding Author Email: ibrahimyaichi@gmail.com

https://doi.org/10.18280/ejee.210508 ABSTRACT

Received: 26 April 2019
Accepted: 19 August 2019

Keywords:

Pulse Width Modulation (PWM), Doubly
Fed Induction Generator (DFIG), Field
Oriented Control (FOC), Direct Power
Control (DPC)

This paper proposes a direct power control (DPC) strategy for the doubly-fed induction
generator (DFIG) operating under variable wind speeds. Under this strategy, the active and
reactive powers of the DFIG are directly controlled by the AC/DC converter, whose switching
states were selected from a switch table. Besides, a two-level hysteresis corrector was selected
to control the active and reactive powers, ensuring the dynamic performance of the DFIG. The
effectiveness of the proposed DPC strategy was compared through MATLAB simulation with
the field oriented control (FOC), a classical proportional-integral (PI) control strategy for wind
turbines. The results show that the DPC strategy adjusted the instantaneous active and reactive
powers in the grid perfectly with respect to their references, and realized the absorption of

sinusoidal currents with a unity power factor. The proposed DPC strategy has a great
application potential in wind power generation.

1. INTRODUCTION

Faced with the problems posed by fossil fuels and nuclear
fission, the first and best possible answer would be to save
energy and use it sparingly, avoiding wasting it. But man
cannot do without her. This is why it must obligatorily develop
the already existing means of substitution and look for new
ones. These means of substitution of which one speaks, it is of
course the "renewable energy". Among these, wind energy
clearly appears prominently, not as a replacement for
conventional sources, but as extra energy. Indeed, the potential
energy of moving air masses represents a considerable deposit
worldwide. This energy offers two great advantages, since it is
totally clean and renewable.

In the field of high power drives, there is a new and original
solution, using an alternative machine operating in a particular
mode. This is the Doubly Fed Induction Generator (DFIG), it
is a three-phase asynchronous machine with a wound rotor that
can be powered by two voltage sources, one to the stator and
the other to the rotor.

The vector control (more specifically the one with
orientation of the stator flux) will allow us to realize a control
independent of the active and reactive power of the DFIG, by
using classical regulators of Proportional-Integral (PI) type.

The purpose of the vector control is to control the
asynchronous machine as an independently excited direct
current machine where there is a natural decoupling between
the magnitude controlling the flux (the excitation current) and
that related to the torque (the armature current) [1].

To circumvent the sensitivity problems to parametric
variations, we have developed control techniques in which the
active and reactive powers are estimated from the only
electrical quantities accessible to the rotor. Among these
methods, direct power control (DPC) appeared to be
competitive with the vector control technique. The first
configuration of this type of control was proposed by T.
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Neghouchi in 1998, for the direct control of the active and
reactive instantaneous powers of the three-phase PWM
rectifier without network voltage sensors [2].

The principle of direct control was proposed by Noguchi et
al. [1] and it was developed later for several applications. The
goal was to eliminate the modulation block and internal loops
by replacing them with a switch board whose inputs are the
errors between the reference values and the measurements [2].

This type of command considers the converter associated
with the machine as a set where the control vector is
constituted by the switching states. Its main advantages are the
speed of the dynamic torque response and the low dependence
on machine parameters [3, 4].

The proposed DPC technique reduces current and power
ripple. The results of the proposed controller systems
simulation (FOC) and (DPC) are compared for different step
changes in the active/reactive power. The common goal of
these controls was to ensure the sampling of sinusoidal
currents while guaranteeing a unit power factor with
decoupled control of the active and reactive powers.

The effectiveness of these techniques is verified by
simulation under Matlab/ Simulink.

This DPC control has the advantages over vector control
(FOC) to solve the problem of fluctuations in power and
current generated by the DFIG on the power grid.
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Figure 1. DFIG based wind turbine scheme



2. MODELING OF THE WIND TURBINE SYSTEM

The diagram of the DFIG wind turbine connected to the grid,
including the various mechanical and electrical quantities used
to model the electromechanical conversion chain, is shown in
Figure 1 [5].

2.1 Model of the wind

The characteristics of the wind will determine the amount
of energy that can actually be extracted from the wind farm [6].

The wind speed will be modeled in deterministic form by a
sum of several harmonics:

V, = 8 + 0.2 5in(0.1047.t) + 2 sin(0.2665.t) +
0.2 sin(3.6645.t) 1)

Wind energy comes from the kinetic energy of the wind.
Indeed, if we consider a mass of air, m, which moves with
velocity v, the kinetic energy of this mass is given by:

1 2

E.=-mv
¢ 2

)

If, during the unit of time, this energy could be completely
recovered by means of a propeller that sweeps a surface S,
located perpendicularly to the direction of the wind speed, the
instantaneous power supplied would be, then:

F, @)

= %p5v3
The Betz limit characterizes the ability of the wind turbine
to capture wind energy. The corresponding power is given by

[7]:

P, = C,(8, 1) prR? V3 4)
The maximum power that can be collected by a wind turbine
is calculated by the Betz limit:
P = (% (B, 1) 5 pR? v* = 0.593P, (5)
Thus, the notion of aerodynamic efficiency n of the wind
turbine can be defined by the ratio:

%

b _
0.539

n="max =
Cp

(6)

2.2 Power coefficient

The power coefficient C,, depends on the number of blades
of the rotor and their geometrical and aerodynamic shapes
(length and profile of the sections). These are designed
according to the characteristics of the site, the desired nominal
power, the type of regulation (in pitch or stall) and the type of
operation (fixed or variable speed) [8, 9].

Numerical approximations have been developed in the
literature to model the coefficient C, and different expressions
have been proposed [10, 11].

7(A+0.1)

C,(B,2) = (0.5—0.067(ﬂ—2))5in[m %

~0.00184(1 —3)(3-2)]
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Figure 2. Coefficient of power of DFIG

The multiplier adapts the speed (slow) of the turbine to the

speed of the generator (Figure 3). This multiplier is modeled
mathematically by the following equations [12]:

Multiplier

Turbine Generator

Figure 3. Diagram of the wind turbine

Cp =22 (8)

Qmec

Q L=
turbine G

©)

With: G: Gain of the speed multiplier.

The mass of the wind turbine is transferred to the turbine
shaft in the form of an inertia J;,rpine @nd comprises the mass
of the blades and the rotor mass of the turbine.

] _ Jturbine
= —GZ

+J4 (10)
The fundamental equation of the dynamics makes it

possible to determine the evolution of the mechanical speed

from the total mechanical torque (C,,..) applied to the rotor:

AQmec
] dat

= Cec (11)
J: is the total inertia that appears on the rotor of the generator.
This mechanical torque takes into account, the
electromagnetic torque C.,, produced by the generator, the
viscous friction couple Cr, and the torque Cj,.
The mechanical torque applied to the rotor:

=C

dQmec _
] g Cem

dt _Cmec _Cf (12)
The resistant torque due to friction is modeled by a
coefficient of viscous friction f:

Cf = f Quec (13)
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Figure 4. Power coefficient of DFIG
3. MODELLING OF THE DOUBLY FED INDUCTION
GENERATOR

The DFIG has three stator equations and three rotor
equations:

d raoc
[Vsabc] = _[Rs] [Isabc] + %

(14)
d aoc
[Vrabc] = [Rr] [Irabc] + %
{[(psabc] = _[Lss] [Isabc] + [Msr] [Isabc] (15)
[(prabc] = _[Msr] [Irabc] + [er][lrabc]
The four-inductor matrices are:
Ly Ms M, L, M, M,
[Lss] = [Ms Lg Msl L] = [Mr L, Mrl (16)
My, M, L M, M, L,

Lg and L, are respectively the stator and rotor inductors.
M, and M, are respectively the mutual stator and rotor
inductances.

[Msr] = [Mrs]T =

cos @ cos(0 — 4?”) cos(6 —2m/3)
M|cos(8 — 2m/3) cos 9 cos(8 — 4?”) 17)
cos(0 — 4?”) cos(6 —2m/3) cos 9
The dynamic equation is:
aQ
]E=Cem_cr_fQ (18)

4. MATHEMATICAL EQUATIONS OF THE DFIG IN
THE PARK REFERENCE (d-q)

Magnetic equations:

Qas = Lslgs + M Iy,
Qqs = Lglgs + M Iy
Qar = Lyl + M Iy
Pqr = Lylgr + M Igs

(19)

Stator and rotor voltages:
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d S
Vas = Rslgs + % — WsPqs
dogs
Vqs = Rslqs + d_g — WsPys
doar 20
Var = Rplgr + (5? - (ws — wr)¢qr ( )
dogqr
Var = Rylgr + dz — (w5 — w)Par
Expression of active and reactive power:
{Ps = Vdslds + Vqslqs (21)
Qs = Vqslds - Vdslqs
{PT Z et 22)
Qr = Vqudr - Vdrlqr

5. FIELD ORIENTED CONTROL STRATEGY (FOC)

The purpose of the vector control is to control the
asynchronous machine as an independently excited DC
machine where there is a natural decoupling between the
magnitude controlling the flux (the excitation current) and that
related to the torque (the armature current). This decoupling
provides a very fast torque response, a large speed control
range and high efficiency for a large steady state load range
[13].

Examination of the expression of the torque of the machine
shows that it results from a difference between two quadrature
components of the stator current and rotor flux which has a
complex coupling between the machine magnitudes. The
working reference for the control is that related to the rotating
field so that the axis (d) coincides with the direction desired
flow, which can be rotor, stator, or air gap. Thus, it is possible
to orient the different flows of the machine [14, 16].

The stator flux with the conditions:

QP =Qas =@
A (23)
The rotor flow with the conditions:
P =Qar =@
A (24)

For a DFIG, the relation of the electromagnetic torque is
given by the following equation:

3Lm . .
Com = EL_SP(Qoqsldr - Qodslqr)

(25)

Starting from Eq. (25), a decoupling can be performed in
such a way that the torque will be controlled solely by the
current ig- and thus the flow by the current ig,. The final
relationship of the couple is:

3L ,
Com = _EL_Sp(q’slqr) (26)
Vds = 0
27
{Vqs =V = w0 ( )
¢s = Lslys + M Iy
{ 0 = Lylys + M I, (28)



We get the following expressions for the active and reactive
powers:

—yim

Lg dr

P,
Lt (29)
Qs =V =V 2l

By drawing: ¢ :—S from equation (27), the expression of

the reactive power becomes:

Vslm
Ls

Idr (30)

The expression of the powers (29) can thus be simplified in

the following way:
M .
Vs L_s Lgr

M .
Q= _Vszldr'i_

p=
(31)

vs?
Lsws

6. DIRECT POWER CONTROL OF DFIG

Direct Power Control (DPC) is based on the concept of

p Switching table

Si

direct torque control applied to electrical machines. The goal
is to directly control active and reactive power in a PWM
rectifier. The errors between the reference values of the
instantaneous active and reactive powers and their
measurements are introduced in two hysteresis comparators
which determine the switching state of the semiconductors,
with the help of a switchboard and the value of the sector
where the voltage of the generator [17].

6.1 General principle of DPC

The overall structure of the DPC, using a predefined
switching table, applied to the three-phase machine-side
converter is shown in Figure 5. It is similar to that of the direct
torque control (DTC). Instead of torque and rotor flux, it is the
active and reactive stator power that is the controlled quantities.
The principle of the DPC consists in selecting a sequence of
switching commands (Sa, Sp, Sc) of the semiconductors
constituting, from a switching table. The selection is made on
the basis of the errors (eP; and € Q) between the references of
the active and reactive powers (Py and Q3) and the real
values(P, and Q,), provided by two comparators to hysteresis
of digitized outputs Hp and H, respectively, as well as on the
sector (zone) in which the vector of the rotor flux is [18, 19].

Transformer

—

& ]

] o

i

] Filter

Grid

DFIG

&Ps ,_H‘
Ps-ref >
+ &
?_ T A
Qort ~@ - T~ NN
+ -
(i)
Ps | Qs

Estimator: Ps, Qs
Sector

@

ir-ap

alp

Vs

Vs-af

abc

Figure 5. DPC configuration of the DFIG

In order to achieve a switching table providing simultaneous
control of the active and reactive powers, in all sectors, it is
essential to study the variations caused by the application of
each of the control vectors on the latter, and this at the same
time. During a complete period of rotor voltage. The control
vectors selected in this switching table must ensure the
restriction of the reference tracking error of the two active and
reactive powers, simultaneously.

6.2 Estimation of active and reactive power

Instead of measuring the powers on the network, capturing
the rotor currents, and estimate P, and Q,. This approach gives
early control of the powers in the stator windings. That is, the
one established by neglecting the resistance of the stator phase.
We can find the relations of P, and Q according to the two
components of the rotor flux in the reference frame (a, — ;)
[19, 20, 23].

The active and reactive powers are controlled by two
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hysteresis comparators, the measured values of the powers
being estimated from the following relationships [21, 22]:

3 Lm

k= T 2oLily szrﬁ -
0= 2(L gy~ Blmy ) (32)
s = 2\o1s Ps oLsLy Pra
From where,
. Lm
Prq = OLpipq + L_S(ps
Prp = aLrirB
— _ vl (33)
losl =2
c=1- Lin
LsLy

If, by introducing the angle o between the stator and rotor
flux vector, P, and Q, become:



3 L

Po = = @sl@sllor] sin &
_30s (34)
S 20'L | sl( |(pr|C056 |(Ps|)
The derivative of the two equations in (34) gives:
s = 3 tm o o] dlgy|sin &
at 2oLl UslPs it
Qs _ 3 Lmws | | d(|@y| cos &) (35)
dt  2oLsl, Ps dt

As can be seen in (23), these last two expressions show that
the active and reactive stator powers can be controlled by the
modification of the relative angle 6 between the stator and
rotor flux vectors and their amplitudes.

6.3 Choice of hysteresis comparators

In order to obtain very good dynamic performances, the
choice of a two-level hysteresis corrector seems to be the
simplest and best solution for controlling the active and
reactive power. These comparators (Figure 6) must make it
possible to control the exchange of the active and reactive
power between the DFIG and the power grid in both directions
and with the two modes of hypo and hyper-synchronous
operation of the DFIG.

Hp "
? i\
ePs |

— =
+AP5

By

Figure 6. Hysteresis comparators: active power, reactive
power

Similar to DTC, the DPC for DFIG is based on the selection
of a rotor voltage vector such that errors between measured
and reference quantities are reduced and maintained between
the limits of the hysteresis bands.

6.4 Switching table

To select the optimum rotor voltage vector, it is necessary

to know the relative position of the rotor flux in the six sextants.

A three-phase inverter with two voltage levels can produce
eight different combinations; these eight combinations
generate eight voltage vectors that can be applied to the rotor
terminals of the DFIG.
The division of the complex plane into six angular zones
Z;(i = 1.....6) can be determined by the following relation:
S (-DISZ<IH(E-D] (36)
It follows that Table 2 of the optimal vectors is derived in
the same way by giving priority to the control of the active
power on the reactive power. The signals of Hp and H, thus
the rotor flux vector position d, represent the inputs of this

truth table, whereas the switching statesS,,S,,S. represent its
output.
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Table 1. Optimal vector selection table [21]

Rp 1 -1
Rq 1]1]0(|-1]1]0]-1
1| Vs |Vr|Vs|Ve]|Vo|V2
Rotor | 2 | Ve | Vo | Va | Vi | V7| Vs
flux [ 3| Vi|Vs|Vs|Va|Vo|Va
sector | 4 | Vo | Vo | Ve | Va | V7 | Vs
51 Vs | Vze|Vi|Va]| Vo| Vs
6 | Va|Vo|Vo|Vs| V7| V1

Nevertheless, the fundamental reality on which the DPC is
based is that the movement of the rotor flux in the machine
follows a continuous progression in time and that it will seem
to cross each sector one by one if it is sampled sufficiently.
The study in Table 2 indicates that if the rotor flux was for
example in sector 2 and the vector V5 had just been applied,
the variation of the reactive power measured at the stator must
inevitably be negative since the vector V; decreases the
reactive power to the stator. If this had not been the case, we
would have to admit that our estimate of the sector is no longer
fair and that the flow would rather be in sector 1 or 5. Table 3
presents the signs of the variations of the instantaneous active
and reactive powers for each input voltage vector of the
rectifier according to the sector where the voltage of the
generator is located. By choosing the appropriate output vector,
it is possible to select the signs of variation of the active and
reactive powers independently.

Table 2. DFIG parameters

Parameter name Symbol Value Unit
Rated power Pn 15 MW
Rated current In 1900 A
Rated DC-Link voltage Ubc 1200 \Y
Stator rated voltage Vs 398/690 \%
Stator rated frequency f 50 Hz
Rotor inductance Lr 0.0136 H
Stator inductance Ls 0.0137 H
Mutual inductance M 0.0135 H
Rotor resistance Rr 0.021 Q
Stator resistance Rs 0.012 Q
Number of pair of poles p 2 -

Table 3. Wind turbine parameters
Parameter name Symbol  Value  Unit
The power coefficient Cp max 0.48 -
Rotor radius R 35.25 m
Speed multiplier gain G 90 -
The density of the air P 1.225 kg/m?3
Moment of total inertia J 1000 Kg.m?
Viscous friction fr 0.0024 N.m.s?
coefficient

7. SIMULATION RESULTS

The stator current generated by the DFIG which has a
sinusoidal shape (Figure 7 and Figure 8), which means a good
quality of energy supply to the power grid.

From the results of the simulation obtained in Figure.9 and
Figure.10, we can say that the control DPC response time is
very fast compared to the FOC control with high performance
(tracking instructions, very fast response time, no overshoot,
minimal static error).



According to Figure 11, the power factor obtained by the 4000
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two control strategies is variable according to the values of the
active and reactive powers. To keep a unit power factor on the
network side, the stator reactive power set point will be kept
zero (Qs-ref = OMVAR), this is the objective of the next test.
Figure 12 illustrates the reactive power injected into the
array by the assembly. We set ourselves a zero instruction to
have a unity power factor on the network side. 4000
Figure 13 shows that the unit power factor (PF) more stable ° > Time ()
for DPC versus FOC.
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8. CONCLUSION

This paper has been dedicated to the modelling, simulation
and analysis of a wind turbine operating at variable speed. The
DPC technique is applied for the tow side (grid and rotor side).
The proposed scheme has the advantages of simple algorithm,
good dynamic performances, good quality of energy supplied
to the electricity network. Advantages of the DPC control
structure of very high dynamic response, no use of nested
loops, coordinate or modulator transformations, or decoupling
of current components. Based on the obtained results, it can be
concluded that the robust control method can be a very
attractive solution for devices using DFIG, such as wind

energy conversion systems.
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NOMENCLATURE

AC Alternating Current

DC Direct Current

PF Power Factor

Cp Power coefficient

R Blade radius (m)

R, R, Stator and rotor resistances ()

L, L, Self inductance of stator and rotor (H)

M Mutual magnetizing inductance

@, @, Stator and rotor flux (Wb)

Com Electromagnetic torque (Nm)

v Wind speed (m/s)

J Inertia moment of the moving element (kgm?)

A Ratio of speed

p Air density

B Pitch angle

fr Viscous friction coefficient

p Number of pair poles

G Mechanical speed multiplier

Wy Synchronously rotating angular speed (rad/s)

W, Electrical angular rotor speed (rad/s)

V,,V, Stator and rotor voltage (V)

14, 14, Directand quadrature component of the rotor currents
(A)

I44,145 Direct and quadrature component of the stator
currents (A)

g Slip

Q Mechanical speed (rad/s)

P Active power (W)

Q Reactive power (Var)
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