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Abstract

Power converters play a vital role in the integration of wind power into the electrical grid. Variable-speed wind
turbine generator systems have a considerable interest of application for grid connection at constant frequency. In this
paper, comprehensive simulation studies are carried out with three power converter topologies: matrix, two-level and
multilevel. A fractional-order control strategy is studied for the variable-speed operation of wind turbine generator
systems. The studies are in order to compare power converter topologies and control strategies. The studies reveal
that the multilevel converter and the proposed fractional-order control strategy enable an improvement in the power
quality, in comparison with the other power converters using a classical integer-order control strategy.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Wind power industry and the construction of wind farms are undergoing rapid development [1,2]. In
Portugal, the total installed renewable energy capacity reached 9321 MW in June 2010, of which wind
power capacity is responsible for 3802 MW, and continues growing,.

As wind energy is increasingly integrated into power systems, the stability of already existing power
systems is becoming a concern of utmost importance [3]. Also, network operators have to ensure that
consumer power quality is not compromised. Hence, the total harmonic distortion (THD) should be kept
as low as possible, improving the quality of the energy injected into the electrical grid [4]. The new
technical challenges emerging due to increased wind power penetration imply research of more accurate

modeling and control of wind turbine generator (WTG) systems.
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Power converters play a vital role in the integration of wind power into the electrical grid [S]. Power
converters allow for variable-speed operation of the wind turbine [6-8], and enhanced power extraction
[9]. The use of power electronics components has resulted in the creation of extra degrees of freedom
thereby making it possible to implement more complex control algorithms and thus allowing the
optimization of the performance of a wind turbine [10].

The variable-speed WTG systems are implemented with either doubly fed induction generators
(DFIGs) [11] or full-power converters. At the moment, substantial documentation exists on modeling and
control issues for the DFIG wind turbine. But this is not the case for wind turbines with full-power
converter and permanent magnet synchronous generator (PMSG) [12]. Indeed, permanent magnet
machines appear more and more promising, having higher ratio of power to weight, reliability, and
efficiency than electrically excited machines [13].

In this paper, a variable-speed WTG system is considered with PMSG and three power converter
topologies: matrix, two-level and multilevel. Also, a fractional-order control strategy is proposed.
Accordingly, comprehensive simulation studies are carried out in order to adequately assess the harmonic
behavior of the electric current injected into the electrical grid, taking into account three power converter
topologies and both fractional-order and integer-order controllers.

This paper is organized as follows. Section 2 presents the modeling for the WTG system with different
topologies for the power converters, namely matrix, two-level and multilevel converters. Section 3
provides the fractional-order control strategy. Section 4 presents the harmonic assessment by Discrete
Fourier Transform (DFT) and THD. Section 5 provides the simulation results. Finally, Section 6 outlines

the conclusions.



Nomenclature

B

Mechanical power of the wind turbine.
Air density.
Area covered by the rotor blades.

Wind speed value upstream of the rotor.

Power coefficient.

Pitch angle of the rotor blades.
Tip speed ratio.

Rotor angular speed at the wind turbine.

Moment of inertia for the rotor of the wind turbine.

Mechanical torque.

Resistant torque in the wind turbine bearing.

Resistant torque in the hub and blades due to the viscosity of the airflow.
Torque of the torsional stiffness.

Rotor angular speed at the generator.

Moment of inertia for the rotor of the generator.

Resistant torque in the generator bearing.

Resistant torque due to the viscosity of the airflow in the generator.
Electric torque.

Equivalent rotor current.

Mutual inductance.

Number of pairs of poles.

Stator currents.
Stator inductances.
Stator resistances.
Stator voltages.

Resistance of the electric grid.
Inductance of the electric grid.

Voltage at the filter.

Voltage at the electric grid.




2. Modeling

2.1 Wind turbine

The mechanical power P, of the wind turbine is given by:
1 3
Pt = 5p Au Cp (1)

The computation of the power coefficient ¢ » requires the use of blade element theory and the

knowledge of blade geometry. These complex issues are normally empirical considered. In this paper, the
wind turbine used corresponds to the one with the numerical approximation developed in [14], where the

power coefficient is given by:

18.

c, =0.73(%—0.589—0.00292"4 —13.2} / )
where
3= 1 G)
i 1 _0.003
(A-0.020) (6°+1)
The power coefficient is a function of the pitch angle 8 of rotor blades and of the tip speed ratio A,
which is given by:
w,D
» “4)
From (2), for a null pitch angle, the maximum power coefficient and the optimal tip speed ratio are
respectively: Cpmm = 044125 A4, =7.057.
The mechanical torque 7, of the wind turbine is given by:
P
T, =L (5)
Wi

This mechanical torque is responsible for the movement of the mechanical drive train.



2.2 Mechanical drive train

A way to model a mechanical drive train of a WTG system is to model the rotor as a number of
equivalent discrete masses connected together by springs and dampers. When the simulated applications
are limited to the impact of wind fluctuations, it is usually sufficient to consider the mechanical drive
train as a single-mass shaft model because shaft oscillations of the WTG system are not reflected to the
grid due to the fast active power control [15]. However, when the system response to heavy disturbances
is analyzed, the rotor must be approximated by at least a two-mass model [16]. One mass represents the
wind turbine moment of inertia, and the other mass represents the generator moment of inertia.

The equations for modeling the mechanical drive train are given by:

do, 1
7;=7t(Tt_Tdt_Tat_Tts) (6)
da)g 1
7=Z(Tts—ng—Tag—Tg) (7

Hence, a two-mass model for the mechanical drive train, given by Egs. (6) and (7), is considered in this

paper.

2.3 Generator

The generator considered in this paper is a PMSG. The equations for modeling a PMSG can be found
in the literature [17]. Using the motor machine convention, the following equations in the dg-plane, based

on Park (d-q) transformation, are considered:

diy 1 . ;
o = E[ud +po, Lyi, —Ryiy] ®)
di 1
q _ . ) .
E—L—[uq—pwg(Ldzd +Mip)-R,i,] )

q
The electric power P, is given by:

Po=luy u, uglliy i, i]" (10)

In order to avoid demagnetization of permanent magnet in the PMSG, a null stator current i; =0 is

imposed [18].



2.4 Matrix converter

Matrix converters have many advantages, which are well documented in the literature [19]. The matrix
converter is an AC-AC converter, with nine bidirectional commanded insulated gate bipolar transistors

(IGBTs) Sy It is connected between a first order filter and a second order filter. The first order filter is

connected to a PMSG, while the second order filter is connected to an electrical grid. A three-phase active
symmetrical circuit in series models the electrical grid. The configuration of the simulated WTG system
with matrix converter [20] is shown in Fig. 1.

"See Fig. 1 at the end of the manuscript".

The IGBTs commands S; in function of the on and off states are given by:

1, (on)

Sji ={O,(off) i,je{l,2,3} (11)

subject to the following constraints:

D8, =1 ie{l,2,3} (12)

~

S, =1 jefl,2,3) (13)

The vector of output phase voltages is related to the vector of input phase voltages through the

command matrix [21], as given by:

V4 S Sz Sz || Ve Va
vg |=|Su Sn Sy ||ve |=[S]| v (14)
Ve Sy Sn Sy ve Ve

The vector of input phase currents is related to the vector of output phase currents through the

command matrix [21], as given by:
o iy id"=[81" [ig ig ic]” (15)
Hence, the matrix converter is modeled by Egs. (11) to (15).

Two distinct advantages arise from this topology, the converter requires no bulky energy storage or

DC-link, and control is performed on just one converter [9]. The converter is smaller, lighter and more

reliable than conventional converters.



Because of these characteristics matrix converters are thought to be a good alternative for variable-
speed operation of WTGs [22]. Nevertheless, industrial wide use of matrix converter is still very limited
due to strong undesirable characteristics: its sensitivity to distortion in input power supply due to the lack
of reactive component in the power circuit, and its sensitivity to the rapidly fluctuating input voltage

frequency when used in WTGs [23].

2.5 Two-level converter

The two-level converter is an AC/DC/AC converter, with six unidirectional commanded IGBTs S,

used as a rectifier, and with the same number of unidirectional commanded IGBTs used as an inverter.
The rectifier is connected between the PMSG and a capacitor bank. The inverter is connected between

this capacitor bank and a second order filter, which in turn is connected to an electric grid. The groups of

two IGBTs linked to the same phase constitute a leg k& of the converter.
The configuration of the simulated WTG system with two-level converter [24] is shown in Fig. 2.

"See Fig. 2 at the end of the manuscript".

For the switching function of each IGBT, the switching variable y, is used to identify the state of the
IGBT i inthe leg k of the converter. The index i with i € {1,2} identifies the IGBT. The index k& with
k € {1,2,3} identifies a leg for the rectifier and & € {4,5,6} identifies the inverter one. The two conditions

[25] for the switching variable of each leg & are given by:

1, (S, =1 and Sy, =0
yk={ (S =1 and Sy, =0) kedl,.. 6} (16)

0, (S; =0 and S,;, =1)

The topological restriction [25] for the leg & is given by:
2
DSy =1 kefl,... 6} (17)
i=1

Each switching variable depends on the conduction and blockade states of the IGBTs.

The voltage v, is modeled by the state equation given by:

dvy,, 1 3 o
d—=—(27klk =D viix) (18)
t Ci5 k=

Hence, the two-level converter is modeled by Egs. (16) to (18).



Two-level converters generate an output voltage with two values (levels) with respect to the negative
terminal of the capacitor. Hence, two voltage levels lead to the production of lower power quality

waveforms [26] causing more harmonic distortion in comparison with multilevel converters.
2.6 Multilevel converter

The multilevel converter is an AC/DC/AC converter, with twelve unidirectional commanded IGBTs
S used as a rectifier, and with the same number of unidirectional commanded IGBTs used as an

inverter. The rectifier is connected between the PMSG and a capacitor bank. The inverter is connected
between this capacitor bank and a second order filter, which in turn is connected to an electric grid. The

groups of four IGBTSs linked to the same phase constitute a leg £ of the converter.
The configuration of the simulated WTG system with multilevel converter [27] is shown in Fig. 3.

"See Fig. 3 at the end of the manuscript".

For the switching function of each IGBT, the switching variable y, is used to identify the state of the
IGBT i in the leg k& of the converter. The index i with i € {1,2,3,4} identifies the IGBT. The index &
with k € {1,2,3} identifies the leg for the rectifier and & € {4,5,6} identifies the inverter one.

The three valid conditions [28] for the switching variable of each leg & are given by:

I, (§;;andS,;)=1 and (S;;0rS,;)=0
y;=1 0, (S;andS;;)=1 and (S;;0rS,;)=0 kefl,..,6} (19)

-1, (S5;and S;;)=1 and (S;;0rS,;)=0

The topological restriction for the leg & is given by:
(Ste-S2x) +(S2e-S3¢) + (S35 -Sai ) =1 kedl,...6 (20)
With the two upper IGBTs in each leg £ (S;;, and S, ) of the converter it is associated a switching
variable @, and also for the two lower IGBTs (S5, and Sy, ) it is associated a switching variable @,, ,

respectively given by:

o, =070 g 7k(12_7/k) keil,.. 6 1)

Each switching variable depends on the conduction and blockade states of the IGBTs.



The voltage v, is the sum of the voltages v, and v, inthe capacity banks C; and C,, modeled by
the state equation:

d
Pae _ 1 (Z(plklk Z‘D]klk)Jf (Z‘Dzklk Z(DZklk) (22)

dt lkl 2k]

Hence, the multilevel converter is modeled by Egs. (19) to (22).

Multilevel converters, and specifically three-level converters, are a good tradeoff solution between
performance and cost in high-power systems [29]. Multilevel converters are, however, limited by the
following drawbacks: voltage unbalances, high component count, and increased control complexity [30].
A critical issue in three-level converters is the design of the DC-link capacitors. Thus, special attention
should be paid to the unbalance in the voltage of the capacitors in three-level converters, which may

produce a malfunction of the control.

2.7 Electric grid

A three-phase active symmetrical circuit in series models the electric grid. The phase currents injected

in the electric grid are modeled by the state equation given by:

di

S 1, = Ryig—uy) k=1{4,56} (23)
dt L,

3. Control strategy

3.1 Fractional-order controller

A control strategy based on fractional-order PI* controllers is proposed for the variable-speed
operation of wind turbines with PMSG/full-power converter topology. Fractional-order controllers are
based on fractional calculus theory, which is a generalization of ordinary differentiation and integration to
arbitrary (non-integer) order [31]. Recently, applications of fractional calculus theory in practical control
field have increased significantly [32]. Fractional-order calculus used in mathematical models can

improve the design, properties and controlling abilities in dynamical systems [33].
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The fractional-order derivative or integral can be denoted by a general operator , D} [34], given by:

7]
—_—, R(u)>0
I (1)
.DF = 1, R(u)=0 (24)

[C@ny™, s <o

where  is the order of the derivative or the integral, $8(u) is the real part of the .

The mathematical definition of fractional derivatives and integrals has been the subject of several
descriptions. The most frequently encountered definition is called Riemann—Liouville definition, in which the

fractional-order integral is given by:

DO =i [ e ) (25)

while the definition of fractional-order derivatives is given by:

Wy LAt @)
PRI TG ar Uw (=) 4 e
where:

= ©x-l -y
re=[ »e” dy 27)

is the Euler’s Gamma function, a and ¢ are the limits of the operation, and p is the number identifying

the fractional order. In this paper, p is assumed as a real number that satisfies the restrictions 0 < g <1.

Also, it is assumed that @ = 0. The following convention is used: (D, " =D, *.
The other approach is Griilnwald-Letnikov definition of fractional-order integral, given by:

t—a

_ T & I'(u+r) _
D™ f(t)—lhli?h”rzz(; TPy f(t—rh) (28)

while the definition of fractional-order derivatives is:

s T(usl) )
D/ f(0)=limh ”g( U e ) 29)
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An important property revealed by the Riemann—Liouville and Griinwald—Letnikov definitions is that
while integer-order operators imply finite series, the fractional-order counterparts are defined by infinite
series [33,34]. This means that integer operators are local operators in opposition with the fractional
operators that have, implicitly, a memory of the past events.

The design of a fractional-order controller has the advantage of entailing more criterion than the
classical one, augmenting the freedom for imposing an enhanced behavior [35]. A fractional-order
controller has a dynamical behavior described by a fractional differential integral equation with a

derivative or an integral having at least a non integer order.

The differential equation of the fractional-order PI* controller, 0 < u <1 in time domain, is given by:
f@) =K, e(t)+K, DM e(t) (30)

where f(¢) is the output of the controller, e(¢) is the input error, K » is the proportional constant, and K; is
the integration constant. Taking u =1, in (30), a classical P/ controller is obtained.

The transfer function of the fractional-order PI* controller, using the Laplace transform on (30), is given
by:

G(s)=K,+K, s~ " (31)

The fractional-order PI* controller is more flexible than the classical PI controller, because it has one

more adjustable parameter, which can reflect the intensity of integration.

3.2 Converters control

Power converters are variable structure systems, because of the on/off switching of their IGBTs. As

mentioned previously, the controllers used in the converters are fractional-order PI* controllers. Pulse
width modulation (PWM) by space vector modulation (SVM) associated with sliding mode (SM) is used
for controlling the converters.

Sliding mode control presents special interest for systems with variable structure, such as switching
power converters, guaranteeing the choice of the most appropriate space vectors. The aim is to let the

system slide along a predefined sliding surface by changing the system structure.
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The sliding mode control presents attractive features such as robustness to parametric uncertainties of
the wind turbine and the generator as well as to electrical grid disturbances [21,36].

The power semiconductors present physical limitations that have to be considered during design phase
and during simulation study. Particularly, they cannot switch at infinite frequency. Also, for finite values
of the switching frequency, for instances, 2 kHz, 5 kHz or even 10 kHz, an error on the electric currents

will exist between the reference value and the control value. Let ¢, 5 be the error on the electric currents

in the af -plane, based on Concordia ( « — ) transformation, in order to guarantee that the system slides
along the sliding surface S(e, pot) - It has been proven that it is necessary to ensure that the state

trajectory near the surfaces verifies the stability conditions [21] given by:

dSeapst) _

" (32)

S(eqpst)

in practice the sliding surface is chosen in a way of letting a small error £ >0 for S(e, p>0) 10 be

allowed, due to power semiconductors switching only at finite frequency. Consequently, the switching in

practice strategy is given by:
—£ <S(eyp.t) < +€ (33)

At the simulation level, a practical implementation of the switching strategy considered in Eq. (33) could
be accomplished by using hysteresis comparators.

The output voltages of matrix converter are switched discontinuous variables. If high enough
switching frequencies are considered (much higher than the input and output matrix converter

fundamental frequencies), it is possible to assume that in each switching period T , the average value of

the output voltages is nearly equal to their reference average value. Hence, the following equality is

assumed:

1 J‘(n+1)T.s

T

N

Vaﬂ dt= V;ﬂ (34)

nTS

Similar to output voltages, the input current average value is nearly equal to their reference average

value. Hence, the following equality is also assumed:

n+1)T, *
T, G5)

s s
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The outputs of the hysteresis comparators are the integer variables o, s =(0,,05) [21]. For the

matrix converter, the voltage variables o, and o p assume values in the set 2 given by:

Qe{-1,0,1} (36)
The current variables o g in dg coordinates assume values in the set 2 given by:

Qel-11} (37)
For the two-level converter, the voltage variables o, and o p assume values in the set 2 given by:

Qe{-1,0,1} (38)

The appropriate vector selection in order to ensure stability for the two-level converter is shown in
Table 1.
"See Table 1 at the end of the manuscript".

For the multilevel converter, the voltage variables o, and o 5 assume values in the set 2 given by:
Qef{-2,-1,0,1.2} (39)

In this control strategy, only when v, # v, a new vector is selected. The appropriate vector selection
in order to ensure stability for the multilevel converter is shown in Table 2, for v > v, , and in Table 3,
for vy <ves -
"See Table 2 and Table 3 at the end of the manuscript".
The control strategy for the WTG using PI* controllers has a block diagram, for example, as
illustrated for the configuration with a two-level converter shown in Fig. 4.
"See Fig. 4 at the end of the manuscript".

The design of PI* controllers follows the tuning rules in [37]. Power electronic converters are
modeled as a pure delay [38] and the left-over dynamics are modeled with a second order equivalent

transfer function, following the identification of a step response.
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The difference between the voltage v, and the reference voltage v;c is processed by the PI*#
controller in order to determine the reference stator currents. The difference between the stator current
and the reference stator current is the error ¢, 5 to be subjected to the output voltage vectors selection for

the two-level converter, Table 1, after being processed by the hysteresis comparator given by (33). The

sliding mode control is a lower level of control as it is normally envisaged with the PI controller.

4. Harmonic assessment

The harmonic behavior computed by the DFT is given by:
N-l
X(ky=Y e "N x(n)  for  k=0,.,N -1 (40)
n=0
where x(n) is the input signal, a complex number giving the amplitude and phase of the different
sinusoidal components of x(n) .

In order to evaluate the harmonic content of the current injected in the electrical grid, the THD is

considered. The harmonic behavior computed by the THD is given by:

50
2 Xin
THD (%):100% (41)

F

where X, is the root mean square (RMS) value of the individual harmonic components of the signal,
and X is the RMS value of the fundamental component.

Standards such as IEEE-519 [39] impose limits for different order harmonics and the THD. The limit

is 5% for THD. Hence, IEEE-519 standard is used in this paper as a guideline for comparison purposes.

5. Simulation results

The mathematical models for the WTG system with the matrix, two-level and multilevel power
converter topologies were implemented in Matlab/Simulink. In this paper it is assumed that ¢ =1/2 for
the fractional-order controller. The WTG system considered has a rated electrical power of 900 kW. The
operational region of the WTG system was simulated for wind speed range from 2.5-25 m/s. Table 4
summarizes the WTG system data.

"See Table 4 at the end of the manuscript".
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5.1 Case study 1 — Ideal sinusoidal voltage waveforms on the network

The simulation results for a network modeled as a three-phase active symmetrical circuit in series, with
ideal sinusoidal voltage waveforms of 850 V at 50 Hz, were carried out.
The first harmonic and the third harmonic of the current injected into the electrical grid, computed by
the DFT, for the WTG system with the matrix converter is shown in Table 5.
"See Table 5 at the end of the manuscript".
Table 5 shows that the first harmonic never decreases while the third harmonic never increases when

the wind speed increase, due to the respective increase in the rotor speed. Also, it is shown by comparison
of the fractional-order PI* controller with the PI controller that the former improves the value for the

first harmonic and consequently reduces the value for the third harmonic. This is an advantage of the PI*
controller.
The THD of the output current for the WTG system with the matrix converter is shown in Fig. 5.

"See Fig. 5 at the end of the manuscript".

Fig. 5 shows that the THD with the PI* controller is never worst than that with the P/ controller,
which is a consequence of what is shown in Table 5.
The first harmonic and the third harmonic of the current injected into the electrical grid, computed by
the DFT, for the WTG system with the two-level converter is shown in Table 6.
"See Table 6 at the end of the manuscript".
A comparison between Table 5 with Table 6 reveals a better performance for the two-level converter,

which is able to achieve enhanced values for the harmonics. Also, it is shown by comparison of the

fractional-order PI* controller with the PI controller that the former has advantage.
The THD of the output current for the WTG system with the two-level converter is shown in Fig. 6.

"See Fig. 6 at the end of the manuscript".

Fig. 6 shows that the THD with the PI* controller is lesser than that with the PI controller, which is
again a consequence of what is shown in Table 6.

The first harmonic and the third harmonic of the current injected into the electrical grid, computed by
the DFT, for the WTG system with the multilevel converter is shown in Table 7.

"See Table 7 at the end of the manuscript".
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Comparisons between Table 5, Table 6 and Table 7 reveal a better performance for the multilevel

converter, which is able to achieve the best values for the harmonics. Again it is shown by comparison of

the fractional-order PI* controller with the PI controller that the former has advantage.

The THD of the output current for the WTG system with the multilevel converter is shown in Fig. 7.

"See Fig. 7 at the end of the manuscript".

Comparisons between Figure 5, Figure 6 and Figure 7 reveal a better performance for the multilevel
converter, which is able to achieve the smallest values for the THD.

The fractional-order control strategy provides better results comparatively to a classical integer-order
control strategy, in what regards the harmonic performance computed by DFT and THD. The THD of the
output current is lower than 5% limit imposed by IEEE-519 standard [39], for all power converter

topologies considered.

5.2 Case study 2 — Non-ideal sinusoidal voltage waveforms on the network

The simulation results for a network modeled as a three-phase active symmetrical circuit in series, with
850 V at 50 Hz and 5% of third harmonic component, were carried out.

The first harmonic and the third harmonic of the current injected into the electrical grid, computed by
the DFT, for the WTG system with the matrix converter is shown in Table 8. The THD of the output
current for the WTG system with the matrix converter is shown in Fig. 8.

"See Table 8 at the end of the manuscript".
"See Fig. 8 at the end of the manuscript".

The first harmonic and the third harmonic of the current injected into the electrical grid, computed by
the DFT, for the WTG system with the two-level converter is shown in Table 9. The THD of the output
current for the WTG system with the two-level converter is shown in Fig. 9.

"See Table 9 at the end of the manuscript".
"See Fig. 9 at the end of the manuscript".

The first harmonic and the third harmonic of the current injected into the electrical grid, computed by
the DFT, for the WTG system with the multilevel converter is shown in Table 10. The THD of the output
current for the WTG system with the multilevel converter is shown in Fig. 10.

"See Table 10 at the end of the manuscript".

"See Fig. 10 at the end of the manuscript".
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As in the first case study, the fractional-order control strategy provides better results comparatively to
a classical integer-order control strategy in what regards the harmonic performance and THD. But, the
harmonics are worst than what is reveled in the first case study due to the greater influence of the third
harmonic component.

The presence of the energy-storage elements, in comparison with the matrix converter, and the
increasing number of voltage levels, in comparison with the two-level converter, allows the WTG system
with the multilevel converter to achieve the best harmonic performance. Also, it has been shown that non-

ideal sinusoidal voltage waveforms on the network affect the current THD from the converters.

6. Conclusions

The paper studies a control strategy based on fractional-order controllers for the variable-speed
operation of WTG systems. Comprehensive simulation studies are carried out with three topologies for
the power converters, namely matrix, two-level and multilevel converters. Two case studies are presented,
considering ideal and non-ideal sinusoidal voltage waveforms on the network. For all power converter
topologies considered, the harmonic performance and THD revealed that the power quality injected into
the electrical grid is enhanced using the fractional-order control strategy in comparison with a classical
integer-order control strategy. Also, the comparative study illustrates that the best harmonic performance

is achieved using a WTG system with the multilevel converter.
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Fig. 2. WTG system with two-level converter.
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Tables

Table 1

Output voltage vectors selection for the two-level converter

op\0g -1 0
-1 4 4:5
0 6 0;7
1 2 32

Table 2

Output voltage vectors selection for the multilevel converter, for v > vy

opg\o, -2 -1 0 1 2
-2 25 25 12 7 7
-1 24 13 13;6 6 8
0 19 18 1;14;27 5 9
1 20 17 17;2 2 4
2 21 21 16 3 3
Table 3
Output voltage vectors selection for the multilevel converter, for v <ve,
op\0Og 2 -1 0 1 2
-2 25 25 12 7 7
-1 24 26 26;11 11 8
0 19 23 1;14;27 10 9
1 20 22 22;15 15 4
2 21 21 16 3 3
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Table 4
WTG system data
Turbine moment of inertia 2500%10° kgm?
Turbine rotor diameter 49 m
Hub height 45 m
Tip speed 17.64-81.04 my/s
Rotor speed 6.9-31.6 rpm
Generator rated power 900 kW
Generator moment of inertia 100x 10 kgm?
Table 5

First harmonic and third harmonic of the current injected into the electrical grid for the matrix
converter — Case study 1

Wind speed PI* controller PI controller
(m/s) First harmonic (%) Third harmonic (%) First harmonic (%) Third harmonic (%)
25 8792 1.89 8722 2.10
5.0 88.10 1.78 8790 1.91
7.5 88.15 1.59 88.04 1.64
10.0 8841 1.30 88.11 1.46
125 88.50 1.24 88.30 1.37
150 88.63 1.16 8842 1.21
175 88.80 1.11 88.50 1.18
20.0 88.80 1.11 88.50 1.18
225 88.80 1.11 88.50 1.18
250 88.80 1.11 88.50 1.18
Table 6

First harmonic and third harmonic of the current injected into the electrical grid for the two-level
converter — Case study 1

Wind speed PI* controller PI controller

(m/s) First harmonic (%) Third harmonic (%) First harmonic (%) Third harmonic (%)
25 9320 1.61 92.83 1.78
5.0 93.80 0.97 93.10 1.42
7.5 9420 0.89 9330 0.94
100 9430 0.27 9340 0.30
125 9430 0.27 93.50 0.30
150 9430 0.27 93.50 0.30
175 9440 0.27 93.50 0.30
20.0 9440 0.27 93.50 0.30
225 9440 0.27 93.50 0.30

250 9440 0.27 9350 0.30
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Table 7

First harmonic and third harmonic of the current injected into the electrical grid for the multilevel
converter — Case study 1

Wind speed PI* controller PI controller
(m/s) First harmonic (%) Third harmonic (%) First harmonic (%) Third harmonic (%)
25 9390 1.57 9335 1.60
5.0 94.07 1.42 94.00 1.48
7.5 94.19 0.83 94.06 0.88
10.0 9438 0.33 94.14 0.47
125 94.78 0.27 9428 0.30
150 9494 0.23 9445 0.26
175 95.18 0.23 94.63 0.26
200 95.18 0.23 94.82 0.26
225 9520 0.23 94.82 0.26
250 9524 0.23 94.82 0.26
Table 8

First harmonic and third harmonic of the current injected into the electrical grid for the matrix
converter — Case study 2

Wind speed PI* controller PI controller
(m/s) First harmonic (%) Third harmonic (%) First harmonic (%) Third harmonic (%)
25 86.67 4.99 86.30 5.10
5.0 87.59 4.94 87.67 5.02
7.5 8799 4.82 87.84 4.95
10.0 88.04 4.77 87.84 4.95
125 88.16 4.71 87.84 4.95
150 88.16 4.71 88.05 491
175 8823 4.68 88.11 4.89
20.0 8823 4.68 88.11 4.89
225 8823 4.68 88.11 4.89

250 8823 4.68 88.11 4.89
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Table 9

First harmonic and third harmonic of the current injected into the electrical grid for the two-level
converter — Case study 2

Wind speed PI* controller PI controller
(m/s) First harmonic (%) Third harmonic (%) First harmonic (%) Third harmonic (%)
25 90.58 4.80 89.67 4.50
5.0 9097 4.59 90.67 4.68
7.5 91.09 3.42 9092 3.49
10.0 91.17 3.42 91.03 3.49
125 91.15 342 91.03 3.49
150 91.14 343 91.03 3.51
175 91.10 343 9096 3.51
200 91.10 343 9096 3.51
225 91.10 343 9096 3.51
250 91.10 343 9096 3.51
Table 10

First harmonic and third harmonic of the current injected into the electrical grid for the multilevel
converter — Case study 2

Wind speed PI* controller PI controller
(m/s) First harmonic (%) Third harmonic (%) First harmonic (%) Third harmonic (%)
25 8790 4.94 87.62 4.99
5.0 88.00 4.92 87.77 4.95
7.5 93.80 2.44 9351 291
10.0 9390 2.11 93.72 2.34
125 94.11 2.10 9390 233
150 94.65 2.10 94.10 233
175 94.77 2.10 9426 233
20.0 9493 2.10 9445 233
225 95.02 2.10 94.76 233

250 95.02 2.10 94.76 233




