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Abstract: The paper presents different control strategies fof a variable-speed wind energy conversion

system (WECS), based on the doubly-fed induction generator (RFIG). hirect Torque Control with Space-
Vector Modulation (DTC-SVM) is used on the rotor side onverter
spe inantrast to the classical DTC, where the
frequency of switching is uncontrollable. The reference fo qums is obtained from the MPPT technique of

the wind turbine. For the grid-side converter (GS%‘ uzzy Direct Power Control (F-DPC) is proposed
re

for the control of the instantaneous activax\nd\ive power. Simulations results of the WECS are

). This control method is known to

reduce the fluctuations of the torque and flux at lo

presented to compare the performance ofithe proposed and the classical control approaches.
<

In Recent years and owing to the rap ine'of fossil fuels and increase in global warming, the attention is

1. Introduction

diverted towards the adoption o }a\eb\eenergy sources such as wind, solar, biomass, geothermal and small
hydroelectric. Wind is an abundant sougce of energy worldwide and is playing a vital role for electrical power
ot}%Ywable sources 2. Because of the randomness of wind speed in different

areas, a flexible eléctric eratijon system is required to maintain constant frequency voltage and stable

power’.
Doubly-fed P/ ction

e-t}their iable speed operation, four-quadrant active and reactive power capability, low converter

ed

generation compared

eféors (DFIGs) are currently the dominant technology in modern wind turbines

systems

cost, ed power losses compared to other machine configurations such as fixed-speed induction

genérators or fed synchronous generators with fully sized converters*.

)2
o.

iented /ontrol still the most commonly used control for DFIG system by using the classic Proportional

Integralg (PT) regulators™®. However, this method is more complex and difficult to maintain desired
)wes because it requires many parameters of the motor’.

NYadays, direct control techniques for AC machines have found many interests due to their simplicity and

high dynamic performances. Direct torque control (DTC) was first introduced by 1. Takahashi in 1985%. the

S “.DTC directly controls the developed torque by the machine with the use of torque and flux information and

selects the best voltage vector using a switching table. In 1988, the direct self-control (DSC) was developed in
Germany by M. Depenprock®. After that, direct power control (DPC) was developed and presented in 1998 by

T. Noguchi!?; it’s based on the same control principles as the DTC technique, the unique difference is the
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directly controlled variables. In the case of the DTC, the electromagnetic torque and the rotor flux are directly
controlled while in the DPC, the stator active and reactive powers are controlled''.

Conventional direct control techniques of induction motors utilize hysteresis controller to compensate their
errors. Due to the use of hysteresis controllers, conventional direct controllers suffers from high ripples and
also switching frequency is variable. To overcome these disadvantages many improvements have introduced
to Direct Control techniques such as Direct Control with Space Vector Modulatigh (DC-SVM). In addition,
employment of intelligent control strategies has been swept all areas and appliedzﬂ ferent industries, among
them artificial neural network, the fuzzy logic control (FLC) and sliding mo tojt:)NC) have been used

successfully for DFIG control'2.

The aim of this paper is to design and compare two different control methods*for the retor side power converter
(RSC) and grid side power converter (GSC). For the RSC, direct rqul)ontrol
or\h‘te GSC, direct power control

ategy (DTC), constructed

around two hysteresis controllers, provides flux and torque rggulatio

(DPC) based on two hysteresis controllers regulates the instantaneous rej and reactive power injected into the

grid. These two classical control strategies are compared with.DT sed on Space Vector Modulation (DTC-
SVM) and fuzzy DPC (F-DPC) respectively. L

The rest of the paper is organized as follows: Section 2,and 3.describe the model of wind turbine and the
description of the MPPT algorithm. Section 4 presents the model of the DFIG. The design methodology of the
classical DTC and DTC-SVM for the DFIG, isp;%s{te in-Section 5. Section 6 overviews the conventional
DPC and presents the Fuzzy-DPC for the GS .mm&on results are presented and discussed in Section

7. Finally, conclusions of the paper are d inSection 8.

2. Modeling and control schem ’0‘%“ FIG based WECS
m

The WECS used in this work g. 1. Tt consists of a wind turbine, a gearbox, a DFIG and two

back-to-back two-level converters CS control system consists of two main blocks: the RSC control

and the GSC control. THe-objective of the RSC control is to decouple the active and reactive powers of the

stator. In this paper, VM 18 used to control the RSC. In DTC, it is possible to control machine flux and

P, Q Stator
—_———

{@

... e
Inverter Rectifier filter

< Eab=]=u}

£
(U

DC
P rotor
I Bus I 'Q
MPPT ; DTC-5VM Fuzzy-DPC
s Te-rel 2
‘T;nd speed Control - of RSC of GSC

Fig. 1.Wind Energy Conversion System configuration

2


http://dx.doi.org/10.1063/1.5023739

! I P | This manuscript was accepted by Renewable Sustainable Energy. Click here to see the version of record.|

2.1 Modeling of the wind turbine

According to the aerodynamic characteristics of wind turbine, the output mechanical power is given by

Publishing

15,16

w

P =%pﬂR2VfCP(l,ﬂ) (1)

Where p is the air density (kg/m?), R is the turbine radius (m), v, is the wind velocity (m/s) and C,, is the power

coefficient defined as the ratio of the turbine power to the power of wind streaz/ This definition shows that
power coefficient is a function of the tip speed ratio (1) and the blade pitch angle (), being tip speed ratio the
ratio of the speed at the tip of the blade to wind velocity 7. Q

_9R

A
v, ‘)
‘H
In general, the aerodynamic torque of the wind turbine can be p‘r-e\ssed asté

_1 pr.R v .C, (A, )

T € )
t2 A
)

d is felated to the tip speed ratio and pitch angle. A

(@)

The performance coefficient is different for each turbine

generic equation is used to model Cp (B, ). This equation, based on the modeling turbine characteristics, is '*

< . =
Cp(w)—cl-[cz-l—q.ﬂ—q} : - @
!

.
With \
1 0.035 \

= )

1
A A+0.08.8 ﬁ‘\l)
Table I gives the ram/e,ter 1 to C6.
able I: Parameters of the performance coefficient

/\ A C, Cs C, Cs Ce

i 0.5176 116.0 0.4 5.0 21.0 | 0.0068

21.

ower Point Tracking (MPPT) technique

imuna powerpoint tracking (MPPT) strategies play an important role in wind power conversion systems

co&csponds to the maximum power extraction. The power extracted from the wind is maximized when C,, is

S imal. This optimal value of C,, occurs at a defined value of the tip speed ratio A. For each wind speed, there
\is an optimum rotor speed where maximum power is extracted from the wind. Therefore, if wind speed is
assumed to be constant, the value of C,, depends only on the rotor speed of the wind turbine. The variability of

the output power from the wind generator implies that, without special interface measures, the turbine will

often operate away from its maximum power point. The associated losses can be avoided by the use of an
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. oy MPPT controller which ensures that there is always maximum energy transfer from the wind turbine to the
Publishing

gI'i d25—27

The simplified representation of wind turbine model with speed control is given in Fig.2.

>

1
:
1 o .

1 Control device with speed contro

Fig. 2. Diagram block of the MPPT extractéd-with

)

The maximum value of CP (CP max = 0.48) is achieved forf = for A = 8.12. To achieve this step, the
value of the electromagnetic torque reference is set at the i value given by>?%;
5 ? -
r 1 Pﬂ'Rt C pmax Q2 \
em-ref  _ 3 3 mec (©)

2 A .G
\

opt
Fig.3 shows the Cp (B, 1) characteristics\ ifferentyalues of the pitch angle B '°.
J T \
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Fig 3: The typical performance coefficient curve
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V:;r = erqr + q)qr _(a)s _a)r)¢dr

dt

The stator and rotor flux are given as:
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@y =LAy + L1,
¢,=LIl, +L,1I,
Py =L, +L,1,
¢,=LI1,+L,1

m” gs

®)

3. Direct Torque Control of RSC (/

based on SVPWM control with fixed frequency defined by a parallel
DTC was introduced by Takahashi (1984) in Japan and then in Ge

proved to be a powerful method for the control of induction

42 while conserving the merits of fast transient responsd characterists
lt;ge

driven by the DFIG. The two DTC control strategies considered are the clagsica

control or field oriented control (FOC), DTC implementation

improve operating characteristics of the machine andéyo

This section presents the synthesis of two DTC control strategies for the RSC, based on two-level inverter
ariable

topology, to improve the energy efficiency and performance characteristics 8f the

eed wind turbine

nventional DTC and a DTC

rol steucture 32,
::;)ny&penbrock (1985)33-38 and has

achines. compared to stator flux oriented

inimizes'the use of machine parameters3>%3°-

, 1t provides a systematic solution to

in\;‘e)er source®®. DTC method is based mainly
L

on instantaneous space vector theory.
The application of DTC to the DFIG has bed%;%. 133744474750, The basic principle consists of
C

selecting the inverter switching states to co

oLd,jre\the rotor flux linkage magnitude, ¢, and the generator

torque, T,*’. The selection of the appropriate v e vectors uses a pre-defined switching table and is based

on hysteresis control of the estimated roto

@in&g and the torque. The rotor flux and torque are controlled

directly and independently. The tor steresis comparator is a three-valued comparator. Whereas the flux
hysteresis comparator is a tw al{;ie
and switching frequency directly ‘iafluenee the performance of DTC. For a fixed switching strategy, the

ator 2374 Consequently, the number of space voltage vectors

machine operation, in te torque, switching frequency, and torque response are quite different at low and

high speed 2152,

The voltage vect

V. is/dell ed by a three-phase voltage source inverter whose switch states are supposed

ideal. It is r?ésent theo;/tically by three (03) Boolean control variables S; (j = a, b, ¢) such that when
S;=1,theh gws closed and the low switch is open and when S; = 0, the high switch is open and the

i@)sed.

¢ voltage vector V. can be written in the following form®>-!:

»

2 / 2r Ar

WIS, +5,e T +8e ] ©)

3.1 E%imation of the rotor flux linkage

NI

0, = [(V,—Ri)dt (10)
0

The magnitude of the rotor flux is estimated from its components along the o and B axes32%37:44-4951,
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05O =[(V,y = Ropiy )t

The amplitude of the rotor flux vector can be expressed by: /
2 2
0, =\Pu + P,y ‘)\ (12)

The angle o of the rotor flux @, is determined by:
D

D

3.2 Estimation of the electromagnetic torque /-)

(13)

The electromagnetic torque can be estimated starting fro the ‘estimated value of the flux . and ?,p and

the calculated values of the current 7., and i, , %"

— (14)

Te = p(¢rairﬂ - ¢rﬂira)
NDS .
Select the sector where the rotor vector, belongs is essential. @, is contrlled by a two-level hysteresis
regulator as shown in Fig. 4 , e@plitude must be increased (K=0) an (K=1) to decrease it.

4

—_

A
0 »r
-H,, H

\ Fig. 4 Two-level hysteresis regulator
Tom is C by a 3-level hysteresis regulator as shown in Fig. 5, where the states are ‘1’ (increase) and ‘-

d ‘0’ (constant).

H Tem
S ~ Y A o

Figure 5: Three level hysteresis regulator
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According to the combination of the switching modes of the Voltage Source Inverter VST , the voltage vectors
is applied to the rotor and this voltage will cause the rotor flux to change’2. The tangential component of the
rotor voltage vector will increase or decrease the torque angle, while the radial component will increase or
decrease the rotor flux magnitude as depicted in, Fig. 6.

Pr

4

1

1

1

%\‘-‘@\ <

Apr

va(011)

V7(111)

q&\w&\

g’
Fig. 6: Trajectory representation of rotor% ector withe different voltage vector

The DFIG stator winding is directly conneete
s the

thewgrid, which means that stator flux vector is practically

constant both in magnitude and speed. r and stator fluxes are referred to a rotor reference frame,

both fluxes are rotating at the slip speed ﬁtﬁq&r
means of one of eight different voltage vectors. There are six

into six sectors. Rotor flux is then ¢ lle
active voltage vectors V — V¢ h veetor ligs in the center of a sector of 60° width denoted S, to S¢ according

ero voltage vectors Vy — V; at the origin the sector and vector

ference frame. The position of the rotor flux is divided

to the voltage vector it contains. tw

placement is shown in Big. 69829444651,
3.3 Switching Table:

The following tabledl presents selection of appropriate vector applied to the rotor side converter. This table

13,29,44-46,51

permit to co ux and the torque

e rot
‘)Tab : selection of appropriate vector applied to the rotor side converter

Sector (N) 11 2 3| 4| 5| 6

/ Seem =1 Vo | Vs | V| Vs | Ve | Vy

_— V.
Sscem = —1 Ve | Vi | Vy [ Vg |V, | Vs

or Seem =0 V., VoV, Vo Vs V,

cem

cem

)
5 Seem =1 Vs | Vg Vs | Vg V|V,
S Sor=0 1 5 =0 V, V, Vo V, V, V,
-

S —1 Vs VeV, V, Vs V,

cem —

Where the voltage vectors are defined as:

Vo = [000]; V; = [100];V, = [110]; V5 = [010]; V, = [011]; V5 = [001]; V, = [101]; V, = [111]
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Fﬁ |!Sﬁl g 3.4 Implementation of the classical DTC

A schematic diagram of the DTC applied to the DFIG is shown in Fig. 7. There are two loops for the control
of the rotor flux and torque magnitudes. The reference values for the flux rotor and torque are compared with
the actual values, and the resulting error values are fed into the two-level and three-level hysteresis blocks
respectively. The outputs of the rotor flux error and torque error hysteresis blocks, together with the position
of the rotor flux are used as inputs of the switching Table II. The position of the((%or flux is divided into six
sectors. According to Fig. 7, the rotor flux and torque errors tend to be re trlcwz their respective
hysteresis bands. It can be proved that the flux hysteresis band affects the r@for-cutrent distortion in terms of

cdwi
low order harmonics and the torque hysteresis band affects the switchingftequeney>.

o] Van I, In

v

Q Transformation :
" a.bc —— o fi

A

N
[ 7, &g\\“l
L\ N\

N\

. 7: Structure of the direct torque control applied to a DFIG

.

ce Vector dulation

The classical D oegfot require any mechanical sensor or current regulator and coordinate transformation
is not present{ thus reduei Ae complexity of its implementation *>. DTC has proved as an effective control

\aﬁ)us industrial applications®. However, the performance of DTC is limited due to the presence

is control characterized by high torque and flux ripples, slow transient response to step changes

durifig start up‘and a variable switching frequency3>#-7%8,

, the)é are two methods to reduce the torque and flux ripples in the DTC-controlled drives. The first
Itilevel inverter or multi cell inverter*>3%>-6!; which provides a more precise control of the torque

is to usesH
flux/However, the cost and complexity will be increased because more power switches are used; they are

madinly used for high voltage applications. The other method uses space vector modulation (SVM). In the DTC-
, the torque ripple and flux ripple can be reduced with fixed frequency 3262764, In this work, the proposed

\ ““.DTC is based on space-vector pulse width modulation (SVPWM).

SVPWM is an advanced PWM technique now widely used in industrial variable frequency drives aplication.

SVM provides a better fundamental output voltage, better harmonic performance, and is easy to implement5>-66,
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Compared with sinusoidal pulse width modulation (SPWM), SVM is more suitable for real-time
implementation since the obtainable DC voltage utilization ratio can be considerably increased®’ .

The basic concept of DTC with Space Vector Modulation (DTC-SVM)*>527! for the control of a DFIG is
illustrated in Fig. 8. The combination of a PI controller with SVM ensures a reduction in the harmonic level of

the rotor currents, allows the use of a fixed switching frequency and reduce ripples in the torque and flux

response’>37274,
In the structure of DTC-SVM, the two inner control loops with PI controllers é te the magnitude of the
rotor flux vector and the electromagnetic torque of the DFIG. The magnitu e roto

O :
the value of the electromagnetic torque T, are compared with their refézence™values. Both error signals are
sent to two PI controllers. The output control signals from PI contr 1@3det

ux vector ¢ and

ine the reference values vy,

and v}, of the stator voltage vector components of RSC323237:63.73-8

—~

Gearbox

trol of GSC
wind biﬂ{, the main objective of the grid side converter GSC is to maintain a constant DC

e.as;i to e@ntrol the flow of the power delivered to the grid. In this work, Direct Power Control
ed

achieves these control objectives.
is b?ed the same control principles as DTC. The only difference is in the directly controlled variables.
n DTG, the e}t’ctromagnetic torque and the rotor flux are the directly controlled variables, while in DPC, the

active asd réactive powers are directly controlled by selecting the optimum switching state of the converter

D§C based on the instantaneous active and reactive power control loops was developed for controlling PWM

rectifiers connected to the network®. In this technique, there are no internal current control loops and no PWM

\ “w.modulator block. The PWM voltage source converters switching states is determined by a switching table based

on the instantaneous errors between the actual and estimated values of the active and reactive powers. Fig.9
shows the configuration of the direct instantaneous active and reactive power control for a three-phase PWM

rectifier’®%.
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The instantaneous active (P) and reactive (Q) powers are estimated using voltage and current measurements,

Publishing
and compared to their references P* and Q* respectively. Reference P” is provided from the PI regulator of the
DC voltage controller block whereas reference Q" is set to zero to achieve a unity power factor. The
instantaneous errors between the actual and estimated powers are controlled directly with hysteresis controllers

and a lookup table like the one used in DTC .

R L Ide
—& MWWYYN

ANV | AC
I —A W il ¢ \
AV Y YV DC
Yy N

iali,, i
y Y

elee

3

\A A

Power and Voltage Calculation
P and O

P o e,le,

4 5
\‘{\
Fig. 9: Blec dia%oﬂ)PC for Grid Side Converter

The error signals S, S, and VK&%&C& le 6,, are fed to the switching table (Table III) which stores the

states S, Sp, and S, of the convertew, The optimal switching states are selected so that the power errors are

kept within the hysteresis bands. For this purpose, the stationary coordinates are divided into 12 sectors, as

ctors ¢an be numerically expressed as:

(20)

....... 12 Q1)

O axis

6 o 191 2

Fig. 10: Sectors and voltage vectors of VSI

10
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The instantaneous active and reactive power are given by?'.

Publishing

P=V,i +Vi +V.i
(22)

q =%[(vb —vc)ia +(vc —va)ib +(Va —vb)ic:l

Table III: Switching table of GSC

y.
d, d, 6, 6, 03 0, 05| 0g |0, 05 05| 0 4(641\‘ 04,
0 v v vs Vi VI V2 v, V3 V3 %‘sz
1
1 173 U4 U4 175 US 176 U6 171 171 kvz ,172 173
0 vy vy | v vy vy vz |V vy | | v v
‘ 1 (v vy vy vz | v3| vy vy | ¥ ) 4;&‘#‘1‘7 v
1| V2 | V2| V3 U3 4 4 | Vs NUs 6 1
P
4.1. Hysteresis Controller 5

the™t

The main idea behind DPC method is to maintai eous active and reactive power within

and estimated values of the active and reactive \
Ap=p,;—p
AG=q,4—q
\I<

The hysteresis comparators provide ogicigutputs d,, and d,;. The state “1” corresponds to an increase of

the controlled variable (p and ile “0” corresponds to a decrease.
if Ap> hp = dp =1
dp =
. (24)

Where ﬁﬁme the hysteresis bands.

Dir ower Control:

/

bloc iagr;ﬁ of the proposed fuzzy direct power control (Fuzzy-DPC) technique is shown in Fig. 11.

a desired band. DPC consists of two hysteresis comparato wh%gtinputs are the errors between the reference
N

11
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Fig. 11: The proposed structure of fuzzy direct po%er control
-

_
In this control scheme, the hysteresis controllers are replas uzzy logic controllers (FLC) however, it uses

the same concept as DPC for the selection of the syitching vector. The inputs to the FLC are the errors of real

and reactive power (e,, e,) and their variation§ (d
vector applied to the GSC?3. '\

e, = P,y (k)= p(k)

de,=e, (k)—e,(k-1) \ (25)
e, =q,, (k)—q(k) \

de,=e, (k)—e(k-1)

d the output of the FLC is the actual voltage

The inference met is based on Mamdani min-max rule. The membership functions of the input and

the output varia Fig. 12. With seven fuzzy sets labeled: negative big (NB), negative medium
(NM), negative,small )4zero (Z), positive small (PS), positive medium (PM) and positive big (PB). The
resulting %ted in Table IV.

Table IV: Table FLC rule base
/ e PB  PM | PS Z NS | NM | NB

PB PB | PB | PB | PB | PM | PS V4

NM PS V4 NS |NM | NB | NB | NB
NB zZ NS |NM | NB | NB | NB | NB

12
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Membership functions of input and output variables

o B PO PSTZ NS WM N
= A /
g [\
ED'E. \
g \
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G4l ¢

0.4
. 4
Uﬂu_z. 4 \
8 (‘

0 .

. . . L
1] 0.2 0.4 0.6 g \
e, de and HB

~—

Fig. 12: Membership functions for the input and output variables of the active and reactive powers

W wind turbine and a 7.5 kW DFIG connected to the

grid and the model is implemented in Matlab /Simulink envi nl!rTEh't. The parameters values used in the models

The WECS used in these simulations is based on 10

are presented in the Appendix.

The wind speed profile used in these simula

n@in Fig. 13 (a). For the simulated wind turbine model,

the maximum power coefficient Cp, gy

Mechanical speed

8 !
— —_— -ref ——— "
//, \‘ omega-re omega: mei/
100 L > o
751 3 ~
g g 80
@& ;| ® &
£ o] L
2 g %
65r \ § st
L ‘ ‘
6 20
) 2‘ 3 4 5 0 1 2 3 4 5
time(s) Time(s)
The'rgsponses of the power coefficient Cp 10 The tip speed ratio
: \/ oF
“l 3
€6
(d
4l

Fig. 13: Wind turbine characteristics.
(a) wind speed profile, (b) mechanical speed, (c) power coefficient (C,), (d) tip speed (4).

Time(s)

Fig. 14 presents different switching schemes present in two-level SVPWM.

13
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Fig. 14: Switching schemes 1
(a) ,(b) Waveform of phase voltage, (c) Wavefo i e, (d) Sector transform of voltage vector, (¢)
Duty ratios for SVPWM, (f) input voltage vector (a-f) .

Fig. 15 presents the results with the clasSical D t can be noticed that the torque reacts quickly to changes

in wind speed.

Rotor Flux magnitude with conventional DTC sch

500 2 T T
[—F\ux-mes — Flux-ref
400
. 15
300 -
: 2
2 200 < 1
(@ 3 (b) 3
S 100 f v
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100 il ! I I
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I
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@ i
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Fig. 15: Response of RSC with DTC
(a)Output of the torque, (b) Rotor flux magnitude, (c) o-f rotor flux , (d) - rotor flux

The results obtained with DTC-SPWM are shown in Fig. 16. From Fig. 16(c), the trajectory of the rotor flux
vector, it can be stated that the rotor flux vector rotates with a constant magnitude and with small oscillation.
Overall, the DTC-SVPWM with a two-level inverter resulted in a better performance with a significant

reduction in the torque and flux ripples and a rapid system response.
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Output Torque with DTC-SVM scheme Rotor Flux magnitude with DTC-SVM scheme
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Fig. 16: Response of
(a)Output torque, (b) Rotor flux magnitude;

The response of the DC-link voltage is shown 7. The instantaneous value of DC-link voltage is kept

i Fig:
constant across a wide range of variations 0%&: .

Fig. 17 shows the instantaneous active p, and reagtive power q, delivered to the AC grid when DPC is applied

instantaneous active power delivere

to the DFIG. The instantaneous reactiv me‘!sqg is set to zero to achieve a unity power factor. The
%\A rid varies because of the fluctuating wind speed.

Wavefm;m of the injected active power in Neforgn of the injected reactive power into grid

%10 10 DC bus voltage waveform
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Fig. 17: Response of GSC with DPC.
(a) The injected active power into grid, (b) The injected reactive power into grid, (c) DC bus voltage

(d) output V and I of the VSI (e) the twelve sectors of the voltage vector,(f) Reference input
voltage vector (a-p)

15


http://dx.doi.org/10.1063/1.5023739

AllP

Publishing

(a)

(d)

(a)The injected active power into grid, (b) The inje

6.

| This manuscript was accepted by Renewable Sustainable Energy. Click here to see the version of record.|

The results in Fig. 18 are obtained with the proposed Fuzzy-DPC. A very good control of the DC bus voltage
is achieved. It can be observed from these simulation that the control of the GSC with Fuzzy-DPC resulted in

better steady and transient response and significant reduction in the instantaneous active P, and reactive power

q, ripples.

Waveform of the injected active power into grid Wavaform of the injected reactive power into grid DC bus voltage waveform

4 x10* «10*

—Pg-mes P-ref (b) —— Qg-mes —— — Q-refl Vdc-mes — — — Vdc-ref
3 4 4 T — 1 T
s 5
% 2 = 2
=
C
1 ofl 4
\
0 2 / ~ N,
0 1 2 3 4 5 ] 1 2 3 5) 1 2 3 4
time(s) Time(s) ‘H\ Time(s)
Waveform of the output V and | of the VSI The twelve sectors of thefnlhg ve
500 15 400 EE——
7 ™
5 ~
2 200 ™
c \
2 / !
2 ol |
© 4 /
g 200 \\ //J
=} h ~
© ~~— 7
-500 400 —
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Time(s) ealpha
Fig. 18: Res C with Fuzzy-DPC

d reactive power into grid, (¢) DC bus voltage (d) output V

400

and I of the VSI (e) the twelve sector

Conclusion
In this paper, a control of a DF,
both side of DFIG: Rotor Side Co

Vol

e vector, (f) Reference input voltage vector (o-f3)

-drim turbine is investigated by testing a different control strategy in

C) and Grid Side Converter (GSC). A direct torque control (DTC)

ation (DTC- SVM) was designed and compared for (RSC) and the

that the conventional (C-DTC) strategy presents a fast and good dynamic torque in

,due of the variable switching frequency, this strategy presents the drawback

of having a:f
torque and xh%ia e reduced significantly and low constant switching frequency is achieved with the
propose ﬁv) SVM Sstrategy. Besides, for the grid side converter (GSC): a direct power control (DPC) and a

ower control (FDPC) have been implemented and the presented results showed that the

(C-DPC) strategy has a fast and good dynamic in steady state behavior. Nonetheless, this
seés high active and reactive power ripples. Therefore, these ripples can be reduced significantly
ood control of the DC bus voltage is achieved with the proposed FDPC strategy.

Th lation results for every case (DTC, DTC-SVM, DPC, Fuzzy-DPC), confirmed the high effectiveness
of}Ae proposed methods (DTC-SVM and Fuzzy-DPC).

NI
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Appendix A: System Parameters

Table V: Wind turbine parameters

Nominal power (P) 10KW
Diameter (D) 3m
Number of blades 3 /
Gearbox (G) 54 y. _:\
Inertial (J 0.042 Kg.m*_ /
5 M

Viscous coefficient (f) 0.017 N.m\\\

Table VI: Doubly fed induction generatogs(zé't&&.
Nominal power (P 75K

power (P) (TSKWR
Nominal speed (N 00 n

peed (N) | 9300 pih
Stator resistance (Rs) ‘ ‘%13-9

4

b

Rotor resistance (Rr)

Stator inductance (I&s)‘\‘ 3 0.084 H

Rotor inductanc&(LrN - 0.081H
Main 1nductance (hq{-" - 0.078 H

Pairs of pole n\iﬁ? (Ql 2
\ (J)\ 0.3125 Kg.m?
ViscQus.coefficient (f) 6.73.10° N.m.s"!
&%\
Appendix B:
B.1. Principle of SVPWM
S{ace vector PWM for a two-level voltage source inverter is that which treats sinusoidal

The basic principle
voltage as a({:{ngwo nt amplitude vector rotating with constant frequency®®°+%°, and generating three
consecutd e%tching ltage vectors in a sampling period (7} ) and approximates the reference voltage Vref

stationary af, reference frame®”8, There are eight switching states for the inverter at any instant of time. Out

whicbsix switching states [(100), (110), (010), (011), (001), (101)] produce a non-zero voltage vectors
(Vd,V2,V3,V4,V5,V6), and the remaining two switching states [(111), (000)] produce zero voltage vectors
(VOVT)”.

\The vectors (V1 - V6) are working states that form stationary vectors in the aff frame and divide the plane into

six sectors (each sector: 60 degrees)!?’ and shape form a hexagon as depicted in Fig.19%® and feed electric

power to the load or DC link voltage is supplied to the load. The angle between any adjacent two nonzero

vectors is 60 degrees'*!.
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P bl. h.n Sector 2 Hp
u 1SNl g V: (010) v, (110}
Sector 3 x Ty Vi Sector 1
v/ [ W0 |\ 00
I v wTy | Uy
Sector 4 Sector 6 /
v Ve (101)
=001 Sector 5 2 5\

Fig. 19: Diagram of the inverter exported voltage space veetor
)ﬁ\
—
In general, the Conventional SVPWM implementation involve§ the follcsrin six steps:
identi
d‘)':?lculation of Tjand T, for each sector, (e)

B.2. Steps in the realization of blocks SVM

(a) Determination of reference voltages Va, Vp, (b) sect tiondn which the instantaneous reference

space vector lies, (c) calculation of the variables X, Y an

d T

con?

generation of the modulating signals 7., T, p%[?e generation series 7,7, and T .

aon > ~bon

B.2.a. Determining va, v

Fig. 20 is the typical diagram of a three-pha< vol mmverter mode]102:103,

-—
N
N
S, ' s—|l: v

V.
N n

) Figure 20: Typical diagram of a three-phase inverter

s— s,

Vg

Spdce Ve}tor ulation (SVM) is based on the representation of the three phase measures as vectors into two

ensions (q{B) plane!04105,

s,
- }a}ud{z . _1}% o
S

5 Vil 310 B -3 5

\The Vr of and angle ( @) are given as in the equations (3) & (4)

V=V +Vy (27)
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a

B.2.b. Identifying sectors

This step is to identify the sector in which the reference voltage space vector is present. It is necessary to know
in which sector the reference output lies in order to determine the switching time and sequence. The
identification of the sector where the reference vector is located is straight ONhe phase voltage

tors ’t the origin. Depending on

corresponding to eight switching states: six non-zero vectors and two zero

the reference voltages, the angle of the reference vector can be determinédithe seetor as per the table VII',

Table VII: Sectors and their respectivfaﬂ%
tor 5

Ni Sector 1 Sector 2 Sector 3 Sector Sector 6
0
0c0<Z Ecg<® g Lo 4P <9< T ogcan
3 3 3 3 3 3 3
ff -
i
B.2.c. Calculation of variables X, Y and Z ’)
;
The rest of the period spent in applying the nul V§‘\Fi:; ery sector, commutation duration is calculated.
The amount of times of vector application can all beggelat the following variables'?7-1%,

X=\/§£VB S\

Udc
s (ﬁVﬁ +3 \ (30)

2U dc

T is the samp and dc is the DC voltage on one side of the inverter!'’.

B.2.d. Calculat

The app )duratlons of the sector boundary vectors are tabulated as follows!®:

to-the 1o
5 Table VIII: Calculation of T1 and T2
— Sector 1 2 3 4 5 6
5 ™ -2 Y X | zZ -Y X
S T, X Z Y | X | -Z Y
-

B.2.e. Determination of Taon, Thon and Tcon

This step is to compute the three necessary duty cycles as:
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aon 2
];70}127;0}14_11 (31)
];on ZZ;)on-’-TZ

B.2.f. Determination of Ta, Tb and Tc
The last step is to assign the right duty cycle (7., ) to the right motor phase accANto\the sector'®”. The
T_  signals are ordered in a certain way (Table IX)'1°, ‘)

xon

Table IX: Calculation of Ta, Tb and Tc‘\

Sector 1 | 2 | 3 4 Z.S‘N \
phase \ ~T\

&
Ta ]—;Dn 7;70}1 ]—;Dn con b ]:107!
Tb ]-270}1 1:10" Tﬂ(“ 7;0" con ];0}1

to generate the switching signal. Fig 21 shows Neﬁ!a'l-l-model of SVPWM!%3,

Ualfa W
. \ -

D
Ualfa

.
Ubeta Sector_cal - e :
P Ualfa X —» T taon Pitaon 8+ » @

After all the mathematical equations have be&c{e\\ﬁ&ull the equations are modelled in Matlab/Simulink
ov

Py

> T
Pl PR N »T12  tbon »{tbon B
( T: >_ . Y C+ ——9 : )
P{T1 tcon Pitcon N .( : )
C4a) »U - T2— - Outé
Ude = T Tabcon Uabc
\ T1T2
Q Fig.21: Overall model of SVPWM
V.
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