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for wind energy conversion system using three-phase matrix converter

Introduction. Wind energy conversion system is getting a lot of attention since, they are provide several advantages, such as cost
competitive, environmentally clean, and safe renewable power source as compared with the fossil fuel and nuclear power generation. A
special type of induction generator, called a doubly fed induction generator is used extensively for high-power wind energy conversion
system. They are used more and more in wind turbine applications due to the advantages of variable speed operation range and its four
quadrants active and reactive power capabilities, high energy efficiency, and the improved power quality. Wind energy conversion systems
require a good choice of power electronic converters for the improvement of the quality of the electrical energy produced at the generator
terminals. There are several power electronics converters that are the most popular such as the two stage back-back converter. Because of
the disadvantage of these converters to produce large harmonics distortions, we will choose using of three-phase matrix converter. Purpose.
Work presents a direct power control using space vector modulation for a doubly fed induction generator based wind turbine. The main
strategy control is to control the active and reactive powers and reduce the harmonic distortion of stator currents for variable wind speed.
The novelty of the work is to use a doubly fed induction machine and a three pulses matrix converter to reduce the low cost, volume and the
elimination of the grid side converter controller are very attractive aspects of the proposed topology compared to the conventional methods
such as back-to-back converters. Simulation results are carried out on a 1.5 MW of wind energy conversion system connected to the grid.
The efficiency of the proposed system has been simulated and high results performances are evaluated to show the validity of the proposed
control strategy to decouple and control the active and reactive power for different values of wind speed. References 32, tables 2, figures 15.
Key words: doubly fed induction generator, matrix converter, wind turbine, direct power control using space vector
modulation strategy control, power quality.

Bcemyn. Cucmemam nepemgopenus enepzii 6impy npuoiisiemucs 6euKa yéaza, OCKiNbKU 60HU 3a0e3neqyioms HU3Ky nepesaz, makux sk
KOHKYPEHMOCHPOMOJICHICIb 30 8APMICMIO, €KONO02IMHO uYucme ma Oe3neuHe GIOHOGNI08AHE OJNCepeno eHepell NOPIGHAHO 3 GUKONHUM
naaugom ma supobruymeom adeproi enepeii. CneyianbHull Mun ACUHXPOHHOO 2eHePaAMopd, o HA3UBACMbCS ACUHXPOHHUM 2eHEPAMOPOM
3 NOOGILIHUM HCUGTICHHAM, WUPOKO BUKOPUCTIOBYEMbCS 8 CUCIEMAX NEPemEOPEHHsL eHepeii 6impy eenuKol nonyschocmi. Bonu éce Oinbuie i
Oinvute BUKOPUCIOBYIOMbCA Yy GIMPAHUX MYPOIHAX uepe3 nepesazu 0ianazony pobomu 3i 3MIHHOIO WEUOKICmIO ma 1020
YOMUPUKBAOPAHMHUX MONCTUBOCEN AKMUBHOI MA PeaKmMUHOI NOMYIHCHOCI, BUCOKOI eHepeoeheKmUeHOCHI ma NOKpaueHoi aKocmi
enexmpoenepeii. Cucmemu nepemeopenns eHepeii 6impy 6UMAaionb XOpOuto2o 8uOOPY CUNOBUX eNeKMPOHHUX Nepemeopiosayis ons
NOKPAWeHHsl IKOCI eleKmpPOoeHepeii, wo eupobIsIEMbCsL HA KIeMax 2eHepamopa. IcHye Kintbka nepemsoprosayie cunosol eneKmpoHiku, sKi €
HaUOIbW NONYNAPHUMU, HANPUKIAO O0B80KACKAOHULL 380pPOMHO-360pOMHULL  nepemeopiosay. Yepez me, wo yi nepemeoprosayi He
CMBOPIOIONb 6EUKUX 2APMOHIYHUX CHOMBOPEHb, MU GUbepeMo BUKOPUCTAHHA mpughasnozo mampuunozo nepemeopiosava. Mema. V
pobomi npedcmasneno npsime KepysamHs NOMYICHICIIO 3 BUKOPUCAHHAM MOOYIAYIT NPOCMOPO6020 8eKmopa 0 8impogoi mypoinu Ha
OCHOBI  ACUHXPOHHO2O 2eHepamopa 3 NoOGilHuM dcusieHHam. OCHOBHOI Cmpameziclo YHPAGIIHHA € YNPAeNiHHA aKMUeHOIO Mma
PEAKMUBHOIO NOTYHCHICIIIO MA 3HUNCEHHSL 2APMOHIHUX CHOMBOPEHb CIMPYMI6 cmamopa npu 3minHiu weuokocmi eimpy. Hoeusna pobomu
nos2aA€e y GUKOPUCMANHT ACUHXPOHHOT MAWUNY 3 NOOBIUIHUM JHCUBTEHHAM | MPUIMIYILCHO20 MAMPUYHO20 NEPEMBOPIOBaYa ONs 3HUICCHHS
eapmocmi, 00'eMy ma YCyHeHHs KOHMpoepa nepemsopiosaya 3 60Ky Mepedici, wo € oydce npueadIusUMU acneKmamit NPONnOHOBAHOT
MONONORII Y NOPIGHAHHI 3i 36UMATIHUMU MeMOooamu, MAaKuMu sK 3YCMpIuHO-360pomHi nepemsopiosadi. Pesynbmamu mooeniosanms
OMPUMAHI HA cUCmeMi nepemeopeHHst enepeii eimpy nomyoicricmio 1,5 MBm, nioxmouenoi 0o mepeci. Egexmuenicmo 3anpononoeanoi
cucmemu 0yna 3mMo0enb08ana, a 6UCOKI pe3yiibmami OYiHeHi, Wob nokasamu odIPYHMOoBaHicme 3anpononoeanoi cmpameeii ynpagninis
07151 NOOLTY Ma YNPagIiHHs AKMUSHOK MA PEaKMUGHOI0 NONYHCHICIIO OJIA PI3HUX 3HAYeHb weuokocmi gimpy. bioim. 32, Tadm. 2, puc. 15.
Kniouogi crosa: acCHHXpOHHMIT reHepaTop 3 MOABIHHUM KHBJIEHHSIM, MATPHYHMII MepeTBOPIOBaY, BiTpAHa TypOiHa, nmpsive
KePYBaHHSA MOTY:KHICTIO 3 BUKOPUCTAHHAM CTpaTerii NpoCTOPOBO-BEeKTOPHOI MOAY ISl IKICTH eJIeKTpoeHeprii.

1. Introduction. Nowadays, the use of renewable
energy system in modern production of electrical energy
has exponentially increased due to the increase in
greenhouse gas concentrations in the atmosphere, which
are extremely destructive to our planet [1]. Wind energy
has grown faster than any other source of renewable energy
[2]. Wind energy can help reduce total air pollution and
carbon dioxide emissions, this generator is one of the
rapidly expanding renewable energy sources with a 93 GW
capacity addition in 2020 [3], it has become a suitable
solution for producing clean energy and is currently the
quickest developing source when correlated with other
sustainable power sources [4]. Nonetheless, the use of
available energy depends on weather conditions such as
wind speed and its integration produces volatility in the
power system. Integrating renewable energies with network
connection, intelligent control, and storage systems could
result in a change in generating electricity and reducing.
Given current trends and the best available scientific
evidence, mankind probably needs to reduce total
emissions by at least 80 % since 2050 [5]. Yet each day

emissions continue to grow [6]. Wind energy conversion
system (WECS) is getting a lot of attention since, they are
provide several advantages, such as cost competitive,
environmentally clean, and safe renewable power source as
compared with the fossil fuel and nuclear power
generation. A special type of induction generator, called a
doubly fed induction generator (DFIG), is used extensively
for high-power wind applications. They are used more and
more in wind turbine applications due to the advantages of
variable speed operation range and its four quadrants active
and reactive power capabilities, high energy efficiency, and
the improved power quality [7, 8]. WECSs require a good
choice of power electronic converters for the improvement
of the quality of the electrical energy produced at the
generator terminals. There are several power electronics
converters that are the most popular such as the two stage
back-back converter and cycloconverter [9, 10]. Because of
the disadvantage of these converters to produce large
harmonics, we will choose using of direct matrix converter.
The system under study is depicted in Fig. 1.
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Fig. 1. WECS connected to the grid

It is composed of DFIG-wind turbine connected to the
grid via a direct matrix converter (DMC). Wind turbines
using a DFIG consist of a wound rotor induction generator
and a three phase direct matrix converter. The stator
winding is connected directly to the 50 Hz grid while the
rotor is fed at variable frequency through the direct matrix
converter [11, 12]. The DFIG technology allows extracting
maximum energy from the wind for low wind speeds by
optimizing the turbine speed, while minimizing mechanical
stresses on the turbine during gusts of wind. In this study
the variable wind speed is maintained at 9 m/s, 15 m/s and
11 m/s. Simulation results are carried out on a 1.5 MW
DFIG WECS connected to the 575 V of voltage grid. The
reactive power produced by the wind turbine is regulated at
zero MVar. The paper is organized as follows: In section 2,
the model of the wind turbine is presented. Next, the
modeling of DFIG system is detailed in section 3. In
section 4, mathematical modeling of a DMC is discussed.
In section 5, the procedure of direct power control using
space vector modulation (DPC-SVM) based direct matrix
converter is explained. The simulation results are presented
in section 6. Finally, section 7 concludes this study.

2. Wind turbine model. Wind energy can only
extract a small part of the power from the wind, which is
limited by the Betz limit to a maximum of 59 %. This
quantity is described by the turbine power coefficient C,,
which is dependent on the blade pitch angle f and the
peak speed ratio 1. The mechanical power of the wind
turbine extracted from the wind is given by:

1
PW=E-p-7r-R2~Cp(/1,/)’)-V3, (1)

where C, is the power coefficient of the wind turbine;
p is the blade pitch angle; A is the tip speed ratio; p is the
density of air; R is the rotor radius of wind, m; V is the
wind speed, m/s.

The tip speed ratio A is calculated from the actual
values of rotor speed and wind speed ¥ according to:

where Qyy is the angular velocity of rotor, rad/s.

From summaries achieved on a wind of 1.5 MW, the
expression of the power coefficient for this type of turbine
can be approximated by the following expression:

CS

—c3.ﬁ—c4J.e[’1fj+c6~/1. 3)

A=

Cp(}“»ﬂ): Cl {%

1

The parameter 1/4; in (3) is defined as

1 1 0.035
2 2100088 1442 @
i . 1+
The proposed coefficients are equal to:
C,=0.5176, C, =116, C;=0.4, C, =5, Cs =2, Cs = 0.0068.
The gearbox is installed between the turbine and the
generator to transform slow speed wind turbine rotation to
higher speed required by the generator [13]. Neglecting
the gearbox losses, the mechanical torque and shaft speed
of the wind turbine referred to the generator side of the
gearbox are given by:

Ty

T, :?, Qg:QW'G, (5)

g

where Ty, T, are the wind turbine aerodynamic and
generator electromagnetic torques, N-m.

The resulting block diagram of the wind turbine
model is presented in Fig. 2.
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Fig. 2. Block diagram of the wind turbine model

Figure 3 illustrated the curves of power coefficient versus
the tip-speed ratio for different values of the pitch angle. We
can see in this figure that the optimal power coefficient of C, is

0.48 for a speed ration at 8 and /5 equal to 0°.
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Fig. 3. Power coefficients for different values of

3. DFIG model. By choosing a d-q reference frame
synchronized with the stator flux, the electrical equations
of the DFIG are written as follows:

d .
—@sq =Vsa — Rglgqg + WDsPsq»

dt
d . .
d_wsq = Vsq - Rslsq + OsPsq s
t
(6)
d . .
aqard =Va = Ryipg + (05 — @) Prq>

Equ = qu - Rrirq —(05 — @) Py,

where Vi, Vig, isa, isq are the stator voltages and currents
in the synchronous reference frame, respectively; V.4, Vg,
ia» Iy are the rotor voltages and currents in the
synchronous reference frame, respectively; w; is the stator
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angular frequency; w is the slip angular speed; R; is the
stator resistance; ¢, ¢, are the stator and rotor fluxes.
The stator and rotor flux can be expressed as

Psd = Lsisq + Miyq;

Psq = Lylgq + Miyy; ™
Prd = Lrlrd +Mi isd )
Prq = Lrirq + Misq'

The expressions of real and reactive power are given by:
P V. dls'd +V, i

sqlsq>
Os =Vglsa —Vsaisgs ®
P =V .+ ququ,
0, = Vr brd lelq

The control strategy, using the model of DFIG in (d-g)
reference axis is the vector stator flux aligned with d-axis.
So, by setting the quadratic component of the stator flux to
the null value and by neglecting the stator resistance, the
voltage equations of the stator windings can be simplified in
steady state as:

d
Vsd — §0sd — O;
dt 9
Vsq =0y Qg =V
Hence, the relationship between the stator and rotor
currents can be written as follows:

iy =2 _tm
sd — Ls Ls rd >
(10)
i, = _Lw .
sq Ls rq
From (8), (9), we can write:
M? . MY,
¢rd:(Lr__)'lrd+ . 5
S a)SLS 1 1
] ()

M
=(L,——) iy-
Drd ( r LS ) rd
The expression of the stator and rotor voltage is given by:

R R
Vy=-"2 -3 Mi.g;
sd L, Psd L, rd
R
Vsq = _L_S¢7rq T OsPrq;s
y 12)

di
Via = Ryipg + O-'er_rd+ €rd>s
t

dl
Vig =Ryipg + 0L,

+erd +€
t

where:

R

Crd =L_S(psd -

s

Ry . .
L_Serd;

S

Ry
€rqg = _L_(prq + OsPrg
s

M .
T Psd >

(13)

Stator real and reactive powers are described by:

VeM M .
g O =g z b (14)
s s

The electromagnetic torque is as follows:

P=g——

Temz_P'M'wsd'irq 15)
LS

4. Matrix converter (MC) is a DMC used to
convert AC supply voltages into variable magnitude and
frequency output voltages [14, 15] (Fig. 4). Three phases
MC consists of array of nine IGBTs switches that are
switched on and off in order to provide variable
sinusoidal voltage and frequency to the load [8], in this
type of converter there is no need to the intermediate DC
link power circuit and this means no large energy storing
capacitors [8-10]. This will increase the system reliability
and reduce the weight and volume for such converters
[16, 17]. This converter is proposed as an effective
replacement for the WECS fed by back-to-back converter.

The input voltages and currents can be given as:

sin(w;t)
Vi(t) =V max| sin(wjt —27/3) |. (16)
sin(e;t —47/3)
sin(w;t + ¢;)
i (1) = I max| sin(@jt = 27/3 + ¢;) a7
sin(et —47/3+ ;)
where i = {4, B, C} is the name of the input phase.
ca ob oc
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Fig. 4. Symbol of three phase matrix converter

The matrix converter will be designed and controlled in
such a manner that the fundamental of the output voltages are:

sin( w;t)

Vi(t) =V} max | Sin( it = 27/3) | - (18)
sin( w;t — 47 /3)
Sln(a),t-i-goj)

l](t)zljmax sin(a)it—27r/3+g0j) , (19)

sin(w;t —47/3+¢;)

where j = {a, b, c} is the name of the output phase.
Ratio g is the ratio voltage between, its value cannot
exceed 0.866 and cannot be negative [18, 19]:

]max / imax - (20)
The switching functlon of a single switch is defined

as follows:
01isS;; is open;
Si0=3" "
lis S,-j is closed,

@n

where §; is the bi-directional power switch of matrix
converter (see Fig. 4).

The input/output relationships of wvoltages and
currents are related to the states of the nine switches, and
can be written in matrix form as:
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{V,- (6)= M) V(1) o)

() =M @) -i;(2).

The matrix M(Z)' is the transpose of the matrix M(?);
Myq(t) mpa(t) mey(7)

M) =|m () mpp(t) mcy (1))
myc(t) mpe(t) mee(t)

The variables m;(f) are the duty-cycles of the 9
switches and can be represented by:

(23)

T
1
my (1) = — l Sy (1t (24)
where 0 <m(f) < 1; T is the switching period.

5. Control of matrix converter. There are a number
of possible modulation techniques that can be used for
matrix converter control. The optimal modulation strategy
should minimize the input current and output voltage
harmonic distortion and device power losses. The most
relevant control and modulation methods developed for the
MCs are the Venturini method, the scalar method
developed by Roy and the space-vector modulation (SVM)
[20-24]. In this work the SVM method is preferred because
it deals with scalar quantities rather than vectors, and this is
important when controlling WECS. The SVM had
previously been used for inverter control [25] proposed the
use of SVM for matrix converters, this strategy control is
based on the space vector representation of the input
currents and output voltages at any time [26].

2 )
Vi) =500 +a-vy +a% ) =Vye™!; (25)
re 2 . . 2 . pit
li(t)25(1a+a-zb +a”-i,)=1e"", (26)

2
iz
where a=¢ 3 .

For the three-phase matrix converter, there are 27
possible switching configurations. The first 18 switching
configurations determine an output voltage vector and an
input current vector and will be named «active
configurations». The last 3 switching configurations
determine zero input current and output voltage vectors
and will be named «zero configurations». The required
modulation duty cycles for the switching configurations
are giving by the following equation [21-23, 25]. These
switching states and the output voltages and input current
vectors are presented in Table 1. The sum of the absolute
values of the four duty-cycles must be lower than unity.

In the control strategy of the WECS, the DPC-SVM
uses 2 control loops with PI controllers, these inner
control loops regulate the active and reactive power of
AC grid. The estimated values of active and reactive AC
grid power are compared with the real and reactive
powers references [27-29]. To ensure a pure active power
exchange from the wind generator and maintain the
reactive power exchange to the grid.

The dynamic model of grid side electrical circuits is
presented as [29-32]:

. di .
Via = Ryisq + Ly did - a)slesq + €csds
digq 27
Vsq = Rsisq + LS ? - a)SLSiSd + ecsq.

The active and reactive power estimator as:

3 . .
Py = E(Vsdlsd +Vgglsq );

3 ) . (28)
qu = E(Vsqlsd ~Vsdlsq )-
Table 1
Switching configurations

N°| Combination 170 ®) f,-(t)

1| Sia Soss S @213)- Ve @N3)iged™
2| Sup SpwSca | —(2/3)Vupe” —(2N3yipe?™
3| Sus Spes Sce (2/3)-Vyee® 2N3)-iy- ™
4| Si S Sco —(213) Ve’ —(2N3)-iy- ™
5| Sye Ssas Sca (213)-V,e® (2N3)-i "™
6 | Siw Spes Sce —(213) -V pe® —(2N3)-iy &7
7| Sup S Sci (213)- Ve ¥ (2N3)-ig-e?®
8 | Suu i Sca —(213)V ¥ —(2N3)-ige?™®
9 | Sy Sep Sce (2/3)- Vo™ (2N3)-ig-e™
10| Sy Szer Scp —(2/3)-Vpe ™ —(2N3)-ige™
11| S4u Szes Sca (2/3)-V ™ (2N3)-ipe’™®
12| Sic, Spas Sce —(2/3)V ™ —(2N3)-ig- ™™
13| Sy, Spo, Sca (2/3)-V-e*™ (N3)-ic-e¥®
14| Sya Spar Sci —(2/3)-V ™ —QN3)-ic-ed®
15| Sy Sger Scn (2/3)- Vo™ QN3)-ic-e™
16| Sup, Sgp Sce —(213)-Vye*™? —QN3)ic-d™?
17| S Spas Sce (213) V™ N3)-ic-e’™®
18] Sy Sper Sca —(213) V™ —(2N3)-ic-e™®
191 Suas Saps Sac 0 -

20| Sgas Ss, Sae 0 -

21| Scas Scps Sce 0 -

6. Simulation results. The simulation of wind system
based on DFIG with the considered control systems 1 has
been implemented using Simulink/ MATLAB (Fig. 5).

The parameters of proposed conversion system are
shown in Table 2.

Table 2
System parameters

Parameters, units Values
Grid frequency fs, Hz 50
Grid voltage V.5, V 575
Voltage Vs, V 575
IGBTs switch frequency (SVM), kHz 6
Power P,, MW 1.5
Voltage (line-line) Vs, V 575
Stator resistance R, Q 0.01965
Stator Inductance L,, H 0.0397
Rotor resistance R, O 0.01909
Rotor Inductance L,, H 0.0397
Mutual inductance L,,, H 1.354
Inertia J, kg-m’ 0.09526
Flux linkage @, Wb 0.05479

The obtained simulation results of considered
WECS are presented in Fig. 6-8. The considered control
of whole system has been tested for the wind speed during
the period of the 3 s, while, the average wind speed has
been adopted for different average values at 9 m/s, 11 m/s
and 15 m/s (Fig. 6).

Figures 7, 8 present the responses of speed rotor and
electromagnetic torque compared to the mechanical
torque. It can be seen, that the electromagnetic torque 7,
is accurately adjusted to the mechanical torque.
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Fig. 5. Simulink model of WECS
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Fig. 8. Electromagnetic torque and its reference

So, the considered control system allows fast
responses of the electromagnetic torque 7., of DFIG
during temporary time variations of the wind speed.

The waveform of output currents (rotor currents of
DFIG) and input currents of matrix converter are practically
changing according to variations of wind speed (see Fig. 9,
10). We can see that these currents are sinusoidal. Figures
11, 12 display the three-phase voltages and current injected
to the grid by the conversion system controlled by DPC-
SVM strategy. It can be seen, that this current has a

sinusoidal form and changing according to the variations of
wind speed.
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Figure 13 shows the grid voltage and current delivered
by the generating system. It can be seen that the voltage is in
phase opposition with the current, which proves that the
proposed system drives with unitary factor power. Finally,
Fig. 14, 15 present the active and reactive powers injected to
the grid, controlled via the proposed DPC-SVM.
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strategy control have been explored. This technique
eliminates the lookup table and reduces the grid powers
and currents harmonics as well. In addition, the direct
power control using space vector modulation strategy
control guarantees good dynamic response and provides
sinusoidal line currents. We can confirm that the direct
matrix converter presents an interesting alternative for the
variable wind speed. The simulation results are
satisfactory, have a good performance and good control
proprieties between measured and reference quantities.
The results encourage a further development of this study
to obtain clean energy.
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