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Abstract

This paper presents vector control of dual star induction generator (DSIG) integrated into
variable speed wind energy and supplied by three-level NPC converters. Now the DSIG is the
most common among multiphase machines when used in high power generation systems, which
is associated with two converters. Maximum power point tracking (MPPT) for extracting a
maximum of power fluctuating wind speed is illustrated. In order to decrease the fluctuations
that appear in the currents generated by DSIG to the electrical network, we propose the NPC
structure three-level inverter. Simulation results of a 1.5 MW Wind turbine are presented to

illustrate the validity of this application.

Keywords: Wind Energy; Dual star Induction Generator (DSIG); Maximum Power Point
Tracking (MPPT); Field oriented control (FOC); Neutral Point Clamped (NPC) inverter.

1. Introduction

Due to the environment and global climate change, renewable energy sources play a vital role in the energy
market. Among several sources of renewable energy, Wind energy is one of the most important and most
promising renewable sources of energy throughout the world in terms of development. Because it is non-
polluting and economically viable [1]. Wind energy is carried by the winds. This is indirectly due to solar energy
which, by creating temperature differences between hot and cold regions, causes winds. With this mechanical
energy, wind turbines can produce electrical energy.

The turbines of last generation operate at variable speed. This type of operation have many advantages such as
maximum power operation and higher energy efficiency with low voltage peaks on components and power [2].
In relation to the turbines to fixed speed this are the control algorithms that allow controlling the active and
reactive power produced by the wind turbine at each moment in time [3].

In terms of the generators for wind energy conversion system (WECS), we can use several types of electric

generators as doubly fed induction generators, permanent magnet synchronous generator or the dual star
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induction generator [4,5]. The DSIG has more advantages than conventional cage induction generator, As, high
reliability, minimizing torque ripples and segmentation power [6].

The advantages of multi-level converters are well known from the first NPC (Neutral Point Clamped) inverter,
which was proposed in 1981 by Nabae et al [7]. The particular topology of the multilevel inverters increases the

converted power because the blocking voltage of each switch corresponds to half of

the DC bus voltage [8,9]. In addition, the harmonic content of the modulated voltage is much smaller compared
to that of two-level inverters with the same switching frequency [10].
Our contribution to this work will be to propose a way to reduce the resulting fluctuations in currents and to

adapt the high power generated, which justifies the use of multilevel converters.
2. Wind turbine model

2.1. Modeling of the Wind Turbine and Gearbox

The available power at a surface S swept by the wind turbine is expressed as follows [11]:

P, = 1 PRV 3
2 (1)

Where V is wind speed (m/s), p is the density of the air and R is the length of a blade or the radius of the wind

turbine (m).

The wind turbine can recover only a fraction of the power of the wind which appears to the rotor of wind turbine,

represent by the following expression [12]:

R =C,R =2 paRV’C, (4 )

2 0
Where C, (1) is the power factor characterizes the aerodynamic efficiency of the turbine (Figure 1). It depends
on: the dimensions of the blade, the angle of orientation of the blade g and the ratio of the speed A. The relative
velocity 4 is defined as the ratio between the linear speed of the blades (©: R) and the wind speed as follows [13]

[14]:

a1 = QR
\Y
©)
Where © (rad/s) is the mechanical speed of the turbine shaft. The torque exerted by the wind on the turbine shaft
is defined by:
P, 1
C, =—t == prRV2C (1, )
Q. 2 )
Where C. represents the torque coefficient:
C
C,=—=
A (5)
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The gearbox conversion ratio (rgb), is designed to match the low-speed turbine blades with the high-speed

generator. For a given rated speed of the generator and turbine, the gearbox ratio can be determined by:

(@]

Q=9
G (6)
C

C, = Et

(7

Where Q; and Qg are the turbine and generator rated speeds in rpm.
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Figure 1. Coefficient of the pair C, as a function of A for different f.

2.2. Dual Star Induction Generator Model

The model of dual stator induction machine is composed of a stator with two identical phase windings shifted by
an electric angle o = 30°, and a squirrel cage rotor [15, 16]. Under the assumptions of magnetic circuits linearity,
and assuming sinusoidal distributed air-gap flux density, the equivalent two-phase model of dual stator induction
machine, represented in asynchronous frame (d, g) and expressed in state-space form, is a fourth-order model
[17]:

®)
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[I]:[Idsl Iqsl IdsZ Iqsl Idr Iqr ]T

[B]=diag[1 1 1 1 o0 O]

gsl

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
l-
0 0 0 0 0 0
0 ~Lm 0 ~Lm 0 ~(Lr+Lm)
Lm 0 Lm 0 Lr+Lm 0
[(Lsl+Lm) 0 Lm 0 Lm 0
o] (Ls1+Lm) o] Lm 0 Lm
L= Lm o} (Ls2+Lm) o] Lm o]
B 0 Lm 0 (Ls2+Lm) 0 Lm
Lm 0 Lm o] (Lr +Lm) o]
o] Lm o] Lm 0 (Lr+Lm) |
Rsl ~ o (Lsl+Lm) 0 —aoslm 0 —oslm T
o (Ls1+Lm) Rsl osLm 0 oslm 0
o] 0 ~oslm Rs2 -0 (Ls2+Lm) 0 ~oslm
B wglm 0 ws(Ls2+Lm) Rs2 oglm 0
0 0 0 0 Rr 0
0 0 0 0 0 Rr

The modeling of the mechanical system, can be presented by [18]:

(s[@)
J =T, -T,, —JQ,
9)
With Tem is the electromagnetic torque, is expressed by:
Lm A .

Tem = P (Lm + Lr)[(lqsl + Iqsz)¢dr _(I dsl+|d52 )(pqr]

(10)
The active and reactive power, are presented by:
Ps = VdslI dsl +Vqsl I gsl +Vd52 I ds2 +Vq52 I gs2 (11)
Qs :Vqslldsl _Vdsllqsl +Vq52 I ds2 _Vdsz I gs2 (12)

2.3. Modeling of three-level inverter

The three-level NPC converter of Figure 3 consists of three switching cells connected to a DC bus. Each cell
consists of four switches. Since the charge current is alternative, the switches must be antiparallel-mounted
transistors with diodes to allow current flow in both directions. Other diodes are used to clamper the terminal of
each transistor at the midpoint of the DC bus. If the voltages across the capacitors are kept equal, the compound
voltage can be modulated at five voltage levels. In this case, each transistor can support half of the full DC bus

voltage in the off state [19].
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This structure called neutral point "clamped" is one of the inverter structures with 3-voltage levels. It has a lot of
advantage, as the higher number of voltages generated, less harmonic distortion and low switching frequency
[20].

Figure 3. Electrical scheme of a three-level converter - NPC structure.

By combining the four switches (considered perfect) of the same arm, it is possible to impose on phase three

levels of different voltages
0011 = —%:ucz;(o,l,l,o) = 0;(1100) = %:um.
With:

The combinations (1,1,1,0) and (0,1,1,1) realize a short circuit of one of the two half sources of DC voltage for
which they are prohibited.

Figure 4. Voltage vectors provided by three level voltages inverter.

Three Boolean command quantities are defined, such as:
S5=-1= (Sil,Siz,SiS,SM):(O,O,l,l)

§=0 = (5,5/55,5.)=(0110)

§1=1 = (S,18:8:5)=(L100)

As a result, and unlike the 2-level inverter which can only provide eight voltage vectors, including two nulls. the
3-level inverter can produce 27 voltage vectors including three nulls (Figure 4) [9,19].

From the voltage vectors schematized in figure 4 four groups of the vectors can be distinguished:
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1. group of vectors "zero tension": They are obtained by three different combinations of the states of the 3 arms:
(1,1,2), (-1, -1, -1) and (0,0,0) , and named V7, V14 and Vy, respectively. They have no influence on the voltage
of the midpoint of the inverter.

2. group of the vectors "half tension": one can decompose this group into 2 other subgroups:

The first consists of named vectors: Vi, V2, V3, V4, Vs and V.

The other consists of vectors: Vs, Vo, V1o, V11, V12 and Vis.

3. group of the "full voltage" vectors: This group contains the vectors of the tensions named Vs, Vis, V17, V1s,
Vig and Vzo.

4. The group of vectors "intermediate voltage": the vectors of the tensions of this group are V21, Va2, V23, V2,
Va5 and V.

3. Field oriented control of DSIG:

3.1. Reference frame:

In order to find a variable speed drive where the flux and the electromagnetic torque will be connected directly to
the stator current components. We choose a rotor field-oriented control whose the rotor flux is lined up with the
d-axis [18] [21].

wdr = (Dr
(13)
r = 0

(14)
The DSIG control guideline is like the notable rotor FOC utilized for the IG.

3.2. Control strategy

By applying the self-condition of FOC to equation (9) and (12), the final expressions of slip speed and

electromagnetic torque are:

T = LM [( ast +'qsz)§0 ]

(Lm +Lr) (15)
* rr Lm (Iqsl + Iqu)
d(Lm+Lr) @] (16)
o

With i;sl + i;s2 - L_
m (17)

The references stator voltages are expressed by:

di .
Vdsl Rsldsl +Ls ddtSl — @y (Ls gsl +T )
(18)
. di
Vqsl = Rs gsl +Ls qSI — @ (ledsl +§Dr)
dt (19)
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.o dig, -, . .
VdsZ = Rsldsz +Ls ddtZ — W (leqsz +Tr¢ra)g|)
(20)

*

qs2

V — R diqsz

+Ls _a):(l—sidsz +(p:)

i 2
s'qgs (21)

L
Where T, = —
Rr
4. Simulation results and discussion

The simulation results of the control system presented in this paper, are implemented using Matlab /Simulink
software for the wind speed profile indicated in Figure 5. The DSIG used in this work is limited at 1.5 MW,

whose rated parameters are shown in appendix.

56

Mohamed Haithem LAZREG et al.,, PSDRE journal, Vol. 01 n. 01 (2023) ; ISSN 2992-040X, www.psdrej.com


http://www.psdrej.com/

=

ARG |
W

WwWind Speed (m/s)
=3

[——
—__
—
—
3
E—
——
=
—
L=
Speed of DSIG (rad/s)
il
I
i"-—.——,
=]
I
S
T~
P st

=
=
<
_
=
—=

6 i ]
0 1 2 3 4 5 6 1 2 3
Time s Time 5)
Figure 5. Profile of wind speed Figure 6. DSIG speed and its reference
- I | .| {
° = " Pf \ I
lh N, NV LT L | AL
HLYWIA| A H it i A A
SIRININA [ T ANIE: A VA
S HWEE TSN WA
S LA R R T — e —_
——
5 Tlmé(s)

Figure 8. Stator reactive power (Var)

‘;‘ MW\‘E““ i | HH é A %oﬁljewmd%ed i //m‘ m@m
M\”H‘“ 0 MM LA

— ]
[
— =
|

. —

SRS AN
™ \\‘H\HH‘M | WALk

—

S ——
I ——
]

=
=
=
=
=
=

W

Tine)
Figure 9. Stator current of star 1 and star 2

25 2% 2%
Time (s)

—

LN, " g;/
i NHVH Ve
WY

3 /
g

£ «

&

g

E

g

g

I ASRA A AN
W \A J v »UL ) /7
| Y
TTTTTTT ; T\m;(s)
Figure 11. Electromagnetic Torque and its reference Figure 12. Direct and quadratic Rotor Flux
Profile of wind speed Profile of wind speed

Mohamed Haithem LAZREG et al,, PSDRE journal, Vol. 01 n. 01 (2023) ; ISSN 2992-040X, www.psdrej.com

57


http://www.psdrej.com/

tu- Phofile of wind speed

Mag (% of Fundarmental)

0 100 200 300 400 500 600 700 800 00

; 0 10 200 0 400 500 600 o 800 500 1000
Frequency (Hz) Frequency Hz)

Figure 13. THD spectrum analysis with 2 level Figure 14. THD spectrum analysis with 3 level

From Figurg}@pifp@cg ég?%/gfifhoef tpgt%rt%ﬁufﬁer'gine speed follomgj%s g%tfﬁ/ml é’ﬁ%?gféﬁ@%{’(/{, %rﬁe%ries according on
the imposed wind profile.

Figure 9 shOWEaREMEUOKABN of DSIG stator currents for thE/fFHALEBF@ach star. Their evolution over the
entire simulation time is illustrated in Figure 9 and his zoom between 2.5 and 2.6 are shown in Figure 10. These
are sinusoi(ﬁagﬁ?émg”g;lggg. Frofie ofuind speed

The waveform of the electromagnetic torque generator follows its desired reference coming from the MPPT
control as shown in Figure 11.

The direct and quadratic rotor fluxes of the DSIG are illustrated in Figure 12. They are decoupled, where The

component of the direct rotor flux pursues its reference, and the component of the quadratic rotor flux is null.

5. Conclusion

This article has been dedicated to the modeling and synthesis of the control laws of a DSIG - based wind energy
conversion system. The study deals only with the aerogenerator-side part, consisting of the aerodynamics of the
turbine and its MPPT control, the DSIG and the DC/AC converter.

Characteristics study's of the output voltage of 3L-NPC inverter shown that it has low harmonics. The Vector
modulation strategy used to control this inverter using two bipolar carriers allows to widen the setting linear zone
of output voltage of the inverter by 15 %.

The control of the DSIG fed by 3L-NPC inverter gave good dynamic performances; this inverter opens an
interesting field when used in the high power systems such as electric traction. Future work will address the

high-level converter design for DSIG-based WECS for an enhancement of the power quality

Table 1: Appendix parameters

Turbine

R Number of blades G Copmax Aopt
(m)
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35.25 3 90 0.48 8.01

DSIG
Pn Us F Pair In (A) U (V)
(MW) V) (Hz) poles
15 400 50 2 2000 1130
Rs1, Rr Ls1, Lr Lm J (kg.m2)
Rs2 Q) Ls2 (H) (H)
Q) (H)
0.008 0.007 1.34e- 6.7e- 0.0045 1000
4 5

Table 2: Abbreviations and Acronyms

Active and réactive L1, )

Ps Qs Stator inductances
Power Ls2
Dual Star Induction Vsi.2 d-q stator

DSIG
Generator \Vgs1.2 voltages
Maximum Power

MPPT ) . las lgs d-q stator currents
Pointe Tracking
Field Oriented

FOC lar lgr d-q rotor currents
Control

Lm Magnetizing Rr Rotor resistance
inductance

s Synchronous Rs1, Stator resistances
reference Speed Rs2

gl Rotor electrical Lr Rotor inductance
angular speed
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