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ABSTRACT:

This paper proposes a new Space Vector Modulation (SVM) technique to control the grid-side inverter for improving
the output power quality of a Doubly-Fed Induction Generator (DFIG) based Wind Energy Conversion System
(WECS). A five-level Cascaded H-Bridge Inverter (CHBI) was used to connect the DFIG to the grid. The SVM
algorithm enables controlling of the DFIG inverter which improves the quality of the output power by reducing the
Total Harmonic Distortion (THD) of the generated currents and power ripples. However, the multi-level inverter has a
major drawback, the even-order harmonics production, which can be overcame by controlling the five-level CHBI
using this novel SVM technique generalized to N-level. The paper further presents the mechanism of this algorithm
and a method to deduce the trajectories from the sequences, enabling reduction of the time and number of
commutations, a better performance among several possible trajectories, and reduction of the THD rate of the DFIG
output currents.

KEYWORDS: Wind Energy Conversion System, Doubly-Fed Induction Generator, Five-Level Inverter, Space

Vector Modulation, Total Harmonic Distortion.

1. INTRODUCTION

A rapid development in the wind-energy industry
has necessitated the improvement of methods and
materials used to take advantage of this kind of energy.
Wind energy is the safest, simplest, and most efficient
method for achieving a balance between energy
production and demand. Moreover, it does not produce
any greenhouse gases. Electricity produced using wind
energy reduces the yearly CO, emission by 0.8 to 0.9
tons compared with thermal power generation. Wind
energy generators are primarily composed of metal,
composites, and polymers and do not produce
radioactive or toxic waste [1].

Recently, several studies have been conducted to
improve the output power of wind energy conversion
systems (WECSs). N. Vlastimir et al. [2] studied the
design of an innovative wind turbine system. The
theory of inventive problem solving was used as a
systematic method to provide conceptual designs of
wind turbines and improve the capability of developing
innovative products. Y. Djeriri et al. [3] used a three-
level neutral-point-clamped converter based on direct

power control to manage the power generation of a
doubly-fed induction generator (DFIG) and reduce the
total harmonic distortion (THD) rate of the output
current. O. Aouchenni et al. [4] carried out a theoretical
study of a wind farm based on doubly-fed induction
generator (DFIG) connected to the grid through a five-
level neutral point clamped inverter. They proposed a
DC filter model in order to maintain the DC voltage
constant in each capacitor and to avoid the overvoltage
of the inverter semiconductors. This topology was used
to improve the voltage waveform and the quality of the
power injected into the grid by reducing the total
harmonics distortion (THD). R. C. John et al. [5] used a
hybrid cascaded asymmetric inverter to control the
output voltage of wind turbines and improve the output
voltage spectrum. B. Naik et al. [6] used a pulse width
modulation technique to control the output voltage of
the cascaded H-bridge inverter (CHBI) connected to a
single DC source-based WECS. D. Petkovi¢ et al. [7]
studied an adaptive neuro-fuzzy maximal power
extraction of wind turbines with a continuous variable
transmission by using benchmark data and Simulink.
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Moreover, the adaptive neuro-fuzzy approach was
investigated for wind turbine power coefficient
estimation by using vibration data and MATLAB [8].
Recently, various studies [9-13] have used the space
vector modulation (SVM) strategy to control the
switches of different configurations and topologies of
multilevel and multicellular inverters.

In this paper, the proposed method focuses on grid
connection of the WECS by employing a back-to-back
two-level/five-level grid connection topology to control
and improve the output power quality of DFIG. The
proposed grid connection system uses a two-level
rectifier (generator side) combined with a five-level
CHBI (grid-side) (Fig. 1). In this study, a novel SVM
algorithm generalized to N-level was used to control
the five-level inverter. This algorithm allows a
reduction in the number of commutation and the
switching losses in the inverter. Consequently, all even-
order harmonics of the output current are eliminated,
and a considerable flexibility can be obtained to
optimize the switching waveforms. This configuration
(back-to-back two-level/five-level grid connection
topology combined with the new SVM technique) was
particularly designed to reduce the current THD and
power ripples of the DFIG.

The current and total voltage stresses were divided
through the switches and the input voltage was split
into several fractions to decrease the power switches
rate. Thus, conventional semiconductors can be used to
manage the high output power of the DFIG. This SVM
algorithm was studied in detail by [11, 15, 16] and
applied to control the stacked multicellular inverters
and five-level inverters.
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Fig. 1. WECS based on the DFIG.

2. OVERVIEW OF THE SYSTEM

The multilevel inverter was introduced in the
market to overcome the difficulties encountered while
connecting a single-power semiconductor switch
directly to a medium-voltage grid [19] and to operate at
higher voltage levels. The system details are as follows:
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2.1. Generator-side Rectifier:

The generator-side rectifier was directly connected
to the DFIG stator. Park transformation was used to
transform the DFIG equations into the reference frame
of Park [5]. A distinguished and proven universal
bridge or a three-phase six-pulse full-diode bridge
rectifier was used to convert the DFIG output power
from AC to DC. A DC capacitor was connected as a
filter to the output terminals of the three-phase rectifier.

2.2. Grid-side Inverter:

The grid-side inverter must be controlled to ensure
that the active-generated power is fed back to the grid
and the DC-link voltage is maintained constant [4, 5,
20]. Multilevel inverters are advantageous due to their
DC-link utilization, power quality, and high efficiency
of more than 95% at a nominal operating point. Using
the five-level three-phase CHBI with this SVM
algorithm [16] improved the quality of the DFIG output
power and reduced the THD rate. This converter
comprised a series connection of a two four-quadrant
converter by phase [6] to control the DFIG output
power.

Fig. 2 shows the proposed system and the
modifications on the grid-side inverter.
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Fig. 2. General system diagram.

3. MODELING OF THE WIND TURBINE

The relation between the mechanical power of the
wind turbine and wind speed [3] can be expressed
using the following equations:

Pt=Y2p.R%v%.Cp(1.B) @
r=Qr-R/V 2

Where X, C, and B are the tip speed ratio, the power
coefficient, and the pitch angle (degrees), respectively.
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Ris the wind turbine radius;v is the wind velocity
(m/s); a is the turbine speed (rad/s); andpis the air
density (1.225 kg/m3at T = 15 °C).

Cp can be modeled using the following generic
equation;

Cp= f(}hﬁ)zCl{%_CS-B_C4)eXp[_TC_’5]+C6-)‘ ®
1 1
1 1 0.035

A A+0088 B+l @

The values of coefficients C; to Cg are: C1=0.5176,
C,= 116, C3=0.4, C4=5, Cs=21, and Cs= 0.0068.

The torque coefficient (C;) can be modeled using
the following equation:

Ct:Cp/x (5)

The produced torque can be given by using the
following equation:

Ti=Pi/Qr =12 pnR3V2.Ci(MB) ©)

The theoretical maximum power efficiency of any
horizontal-axis wind turbine is approximately 16/27 =
0.593, indicating that the wind turbine can extract a
maximum of 59.3% of the wind energy [3]. This limit
is termed as the Betz limit, which is defined as the
maximum ratio between the mechanical power of the
wind turbine and kinetic energy of the wind used to
turn the rotor of the generator [18]. For real-time
applications, this ratio ranges from 0.40 to 0.50.

Fig. 3. () and (b) show the behavior of the power
coefficient (Cp) and the torque coefficient (Cy)
according to the tip speed ratio (\), respectively, for
different values of the pitch angle (B).
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Fig. 3. Influence of pitch angle on the power
coefficient (a) and torque coefficient (b).

4. MODELING THE DOUBLY-FED INDUCTION
GENERATOR

In the d-q reference frame, the equations of the
stator and rotor voltage of the DFIG can be given as
follows:

Vds = Rslids — ®s Pgs T T Pys @)
Vqs: Rsiqs_@S(qu+T(pqs

Vdr = Rridr_(ﬂ)s_@r)(l)qr"'updr ®)
Vgr= Rriqr_(ﬂ)s_ﬂ)r)(Pdr“'“qu

where 1 is the derivative symbol (d/dy).
The stator and rotor flux components can be
expressed as follows in the d-q frame:

(Pds:(
(qu:(
Pyr = (Lir + Lm)idr +Lmids = Lsidr+ Lmids
:( ) (10)

Lis + |-m)ids+ Lmidr = Lsids+Lmidr

9)

Lis+Lm)igs+ Lmigr = Lsigs+Lmigr

@qgr =\Lir * Lm)igr + Lmigs = Lrigr + Lmigs
Where,
Ls=Lis+Lm (11)
Lr=Lir+tLm (12)

The electromagnetic torque of the DFIG is
expressed by,

Tem=-3/2 p(Lm/Lr)((Pds Igr = Pgs idr) (13)
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The mechanical equation can be expressed as
follows:

Tt=Tem+JtQr+ T, Qr (14)

The active and reactive power equations of the grid
side are expressed as follows:

{P5=3/2 Vdsids"‘Vqsiqs%

. . (15)
Qs =3/2lV gsids+Vdsigs

5. SVM CONTROL OF THE FIVE-LEVEL
THREE-PHASE CASCADED H-BRIDGE
INVERTER

The five-level three-phase CHBI was connected to
the output of the rectifier after the filtering capacitor.
Each single-phase of the H-bridge was independently
supplied with a single DC voltage. The output of the
inverter was directly connected to the grid (Fig. 2).

The use of this command in digital signal
processors and microprocessors is difficult due to an
increase in the number of levels of the SVM-controlled
multilevel inverters. For very high levels, implementing
these SVM algorithms in such processors is difficult.
Furthermore, the SVM command is a nonstandard
adaptive control technique [7, 8], which indicates that
each time the number of levels for the inverter changes,
the SVM control algorithm also changes, causing
difficulties in implementing the multilevel vector
modulation [17].

An efficient SVM algorithm was presented to solve
these problems. This algorithm allowed controlling the
three-phase five-level CHBI to improve the quality of
the DFIG output power. Generalized to N-level, this
algorithm was based on coordinate transformation,
detection of the three closest vectors, and the
calculation of the switches commutation time.

The following section explains the mechanisms of
the SVM technique and methods to deduce the
trajectories from the sequences that provide a better
performance among several possible trajectories. This
technique was used for the application of two particular
trajectories [14, 16].

5.1. Switching States and Representation of
Switching Vectors: [9, 11, 17]

The multilevel inverter is a voltage synthesizer that
produces several discrete voltage levels from using its
own voltage [17]. Furthermore, although numbering the
switching states is a more general approach, the
equivalent nomination where 2, 1, and 0 are denoted by
p, 0, and n, respectively, is more common for the
multilevel inverter. However, both can be used. The
output switching state of a phase for a five-level
inverter takes the numbers 0, 1, 2, 3 and 4.
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Fig. 4 shows the space vector diagram of the five-
level inverter with the corresponding switching states

[16].
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Fig. 4. Space vectors diagram of the five-level inverter.

The SVM approach is perhaps the most powerful
technique because it offers more freedom to control and
optimize switching models than any other modulation
approach [11]. This approach provides a significant
flexibility to improve switching schemes [9]. However,
converters with a higher number of levels make real-
time execution difficult [17]. Therefore, the first major
task of this study was to simplify and generalize the
execution of the SVM for the grid-side inverter of the
DFIG by using a simple, robust, fast, and efficient
algorithm for N-level inverters, which can be used with
any real-time processor available in the market and
employed for renewable energy sources. In the two-
level inverter simplest hexagon, a new ring is added
with each new level in an equilateral triangle way,
creating a new hexagon of voltage vectors (Fig. 5).
This basic principle helped establish this algorithm.

Ysvec

(a) (b) (¢)
Fig. 5. Switching vectors of (a) two-level (b) three-
level, and (c) five-level inverters.

This regularity in the structure of the hexagons can
be used to efficiently represent the vectors in the plane
and generalize the SVM algorithm [11]. To use the
symmetrical structure of hexagons, a set of
nonorthogonal vectors can be selected for a new base
(g, h), where the switching and reference vector can be
represented.



Majlesi Journal of Electrical Engineering

This base change [11] is defined by,

{a(VablVbc:Vca)l F'(VablVvaVca)}: 0 ||V (16)

where U is the DC-link voltage.

5.2. Coordinate Transformation: [14-16]
The first step in the algorithm is to transform the

reference vectorv ¢ into a two-dimensional coordinate
system. This can be achieved using a linear base
change transformation. Thus, the transformation matrix

differs in accordance with the source coordinate
system, which can be expressed as follows:

Vref (g.n) = TV ref (vap.vbe.vac) an
where,
Va cos(wt)
Vyp | = r| cos(wt —27/3) (18)

Ve cos(ot +2r/3)

And T =1/3.(N - 1)/2{ B :1} (19)

12

Fig. 6 shows the corresponding switching states of
the five-level inverter in the new two-dimensional
reference frame (g, h) (Mg is the switching state

vector).
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Fig. 6. Switching state vectors of the three-level
inverter in the (g, h) system.

Most commands of AC machines were operated in
a two-phase reference frame, which can be achieved by
transforming the reference vector from (o, B) to (g, h)
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by using the base change transformation [12]. The
result of the matrix transformation is as follows:

Vref(g,h) = T1V ref (a.p) (20)
~ 1 -1/3
T1=3/2.(N —1)/2.[0 2/@} (21)

5.3. Detection of the Closest Three Vectors:

The switching vectors have an integer coordinate
number, which is advantageous because the four closest
vectors to the reference vector can be identified easily.
However, the calculation of the vectors whose
coordinates are combinations of the rounded superior
and inferior values of the reference vector number is as
follows [10, 14, 15]:

( Viefg || — [V refg_I—
J Iu= " )
V refh L V refh ]

v
”: refg || — _V‘refgj 2

Vuu— In= ' )

refh—‘ __V refh. |

Where ‘v'}ef ‘ - indicates the superior rounded value of

Vref
\_v ref J: indicates the inferior rounded value of

Vref-

The endpoints of the four closest vectors formed an
equal parallelogram, which was divided into two
equilateral triangles by the diagonal connecting the

vectorsy,; andv,, . Vectors v andy,, were still two

of the three closest vectors [15]. The third closest
vector, considered as a reference, was one of the two
remaining vectors located on the same side of the
diagonal g+h=Vyg+Vun. Therefore, the third closest
vector can be determined by evaluating the sign of the
expression:

Vrefg TV refh _(Vulg +V ulh) (23)

If the sign is positive, the vectory, is considered

to be the third closest vector, otherwise, the vectory

is the closest one. Thus, closest three vectors for N-
level inverters are identified.

Fig. 7 shows the method to obtain the closest three
vector.
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Fig. 7. Method to obtain the three closest vectors
(reference vector position) in two different cases of the
same four closest vectors.

5.4. Calculation of the Switching Time: [15]

Upon identifying the three closest vectors, the
commutations times of the switches can be determined
by solving (24) and (25).

Vref=(d1-\/1+d2-\/2+d3-\/3) (24)

With the following additional constraint on the
conduction times:

di+dz+dz=1 (25)
where, V1=V iV 2 =V 1iVa=V i of Va=Vuy
Solutions are the parts of the Ve coordinates [19]

because all switching vectors always have integer
coordinates.

du =V refg —Vlig

If: V3=V 50 {diu=V reth—V 1ih (26)
dn=1-du—du

Or:
dul =V refh =V uuh

If: \TSZ\EJ SO qdju=V refg —V uug (27)
dyu=1-dy—dp

Then, this method and the algorithm are used to
control the five-level CHBI connected to the DFIG

Vol. 12, No. 3, September 2018

after the rectifier and the DC-link. The simulation
results are presented in the following section.

6. SIMULATION RESULTS AND DISCUSSION

This  section explains and discusses the
performances of a 1.5-MW DFIG connected to the grid
using the five-level CHBI which is controlled by the
proposed SVM algorithm. The control scheme and
SVM control strategy of the five-level inverter
connected to the grid (grid side) of the wind turbine
were simulated and tested in terms of power, current,
and harmonic distortion. Furthermore, the performance,
reliability, and robustness of the system were examined
at a super-synchronous speed.

£ 1m0 T ;
[n - s
% BD ....................... ...................... ..................... -
E ED_I ...................... | ..................... J
& 0 0.5 1 15
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Fig. 8. Gear-train ratio profile.
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Fig. 11. Simulation results of the DFIG power.
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Fig. 12. Simulation result of the DFIG current.

Fig. 8 presents the gear-train ratio (fixed at 90) of
the wind turbine.

Fig. 9 shows the variation of the wind speed. The
speed was initially set at 6 m/s; however, att = 0.1 s,
the speed increased abruptly to 14 m/s and then became
constant.

Fig. 10 shows the DC-link voltage at the output of
the rectifier. During the interval 0 s <t < 0.25 s, the DC
voltage was unstable, varying between 1175 and 1250
V. This variation was due to the instability of the
voltage delivered by the generator in the same time
interval. The DC voltage stabilized at approximately
1200 V.

Fig. 11 (a) and (b) show the progression of the
active and reactive power, respectively. For time
interval Os < t < 0.1s, the two powers were observed to
be unbalanced and unstable. The active power
decreased from 1.5 MW to -1.4 MW, whereas the
reactive power increased from -1.3 MVAR to 2.2
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MWAR. This change was observed because the wind
turbine absorbed the nominal power required by the
wind generator mechanisms to constrain not only the
mechanical forces for repositioning the nacelle but also
the orientation and rotation initiation of the blades of
the wind turbine. For the time interval 0.1 s<t<0.3s,
the active power increased smoothly with the
increasing wind speed, and the reactive power
decreased simultaneously to a negative value, after
which both powers stabilized. The active power
stabilized at approximately 1.5 MW at t = 0.75 s,
whereas the reactive power stabilized at approximately
0 MVAR (reference value) at t = 0.4 s. Furthermore,
Fig. 11 (a) and (b) demonstrate that the new SVM
algorithm can control the active and reactive powers of
DFIG with a very fast response time and no errors.

Fig. 12 (a) and (b) indicate that the stator and rotor
currents were suitable sinusoidal signals, which
stabilized at a steady state at approximately t =0.5s.

The fast Fourier transform analyzer on the stator
current waveform (ls,) delivered to the grid was used to
determine the THD rate (Fig. 13) and observe the
features of the control strategy (new SVM algorithm to
control the five-level CHBI connected to the grid side
of the DFIG). The results are as follows:

000 ! ; ; ; .
T ; : ; : : ; ; :
“ : : : : : : : :
2000 i 1 I i L i 1 I i
1 1.01 102 103 104 105 108 107 108 1.09 11
Tirne ()
= Fundamental (50Hz) = 1885 , THD=0.77%
E T T T T T T T
E04 4
s
Eo03 .
[T
=02 B
#.01 4
EE?,’ 0 Lt R TIRPR

0 2 4 G g 10 12 14 16 18 20
Harmanic order

Fig. 13. Simulation result of the THD rate for five
cycles starting at t = 1s.

A satisfactory current waveform was obtained
without using any filter. The THD rate of the output
stator current, as shown in Fig. 13, was 0.77%,
indicating the reliability and effectiveness of this
control technique.

7. CONCLUSION

This paper presents an improvement in the quality
of the DFIG output power in the WECS by using the
new SVM technique applied to the five-level CHBI that
was connected to the grid-side of the DFIG. The study
and simulation were presented to optimize and improve
the quality of the DFIG output power by reducing the
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power ripples and THD rate of the output current,
which consequently reduced the transitional regime
time and stabilized the system in a short time.

The SVM algorithm was generalized to the N-level,
allowing the elimination of all even-order harmonics, to
reduce the time and number of commutations, to have
better performance among several possible trajectories,
and reduce the THD rate of the output currents.

The five-level CHBI with the SVM algorithm
exhibited satisfying results, provided a steady-state
performance and improved the output waveforms of the
inverter signals with a very fast response time.
Moreover, it improved the power quality with a
substantial reduction of 0.77% of the THD compared
with that in previous studies.

This method can be used in the WECS. Further
improvements can be performed by testing this SVM
algorithm with other topologies.

APPENDIX

Table 1. Simulation parameters.
Doubly-fed induction generator parameters

Rated Power, Pn 1.5 MW
Stator rated voltage, Vs 690V
Rated Current, In 1900A
Rated DC-Link voltage, Udc 1200V
Stator rated frequency f 50 Hz
Number of pair of poles, p 2
Rotor inductance, Rr 0.021Q
Stator inductance, Rs 0.012 Q
Mutual inductance, Lm 0.0135 H
Rotor inductance, Lr 0.0136 H
Stator Inductance, Ls 0.0137H
Wind turbine parameters
Wind turbine blade radius, R 35.25m
Number of Wind turbine blades 3
Gearbox ratio, G 90
Moment of inertia, J 1000 kg.m?
Viscous friction coefficient, fr 0.0024 N.m/s
Cut-in wind speed 6 m/s
Cut-out wind speed 26 m/s
Nominal wind speed, V 14 m/s
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