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Abstract:  This paper deals with the modeling and the control of a dual stator induction generator (DSIG) integrated
into a wind energy conversion system with a variable speed wind turbine. DSIG is increasingly used
because of its advantages in better reliability and supply division. It consists of two fixed three-phase
stator windings displaced with an electrical angle @. To minimize the harmonic distortion (THD), the
objective of this work is to study the influence of the angle between these two stator windings on the grid
generated current quality. To improve the performance of the system, the proposed control is
demonstrated through an illustrative simulation.
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Nomenclature
G | Gearbox ws | Synchronous reference frame Speed
P | Number of pole pairs w, | Rotor electrical angular speed
Ty | Generator Torque Qmec | Mechanical speed of the DSIG
Rs1, Rs2 | Stator resistance Vds1 Vgs1 Vdsz Vgsz | 0-Q stator voltages
Ls, Ls, | Stator inductance VarVgr | d-q rotor voltages
Ln | Magnetizing inductance las1 lgs1 lds2 lgsz | d-Q stator currents
R: | Rotor resistance lar Lgr | 0-Q rotor currents
L. | Rotor inductance L: | Filter inductance
J | Inertia R | Filter resistance
f | Viscous coefficient C | Capacitance of the DC link voltage
wg | Sliding speed
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1. INTRODUCTION

Wind power is a clean source of energy. It is a "renewable"” energy, non-degraded, geographically widespread
and mainly seasonal correlation. Moreover, it is an energy that produces no atmospheric emissions or
radioactive waste [1, 2]. However, it is random in time and its capture still quite complex. At the beginning, it
was exploited in mechanical applications. Thereafter, it has been used to produce electricity. The wind turbine
manufacturing technology has been improved during the 1% and 2" world wars. The oil crisis of 1974 revived
again the studies on the wind turbines. Since the years 1990, the improvement of the technology of the wind
turbines made it possible to build aero generators of more than 5 MW [3].

Several technologies are used to capture the energy of the wind (vertical and horizontal axis turbines) and the
capture structures are becoming more efficient [4]. Furthermore, the speed of the wind is very important. The
integration of wind energy systems requires the reduction of operating costs and maintenance, as well as
increasing the power captured from the wind [5]. Many devices exist and, mostly, they use synchronous and
asynchronous machines. The control strategies of these machines and their possible network connection
interfaces must be able to capture maximum energy over a wider range of variation of wind speeds, to improve
the profitability of wind turbines [6]. The studied system here consists of an aero generator three-bladed, with
horizontal axis, connected to the network by the dual stator induction generator (DSIG). This type of multiphase
machines has some advantages compared to other types of induction machines, such as power segmentation,
minimizing torque ripples, reducing the rotor harmonic currents and the use of this machine in wind projects
of which powers are of a few MW. It has two fixed three-phase stator windings displaced with an electrical
angle «a fed by two voltage source inverters [7-9]. By simulating the entire wind conversion chain with different
electrical angles, the objective of this work is to define the optimal angle which reduces the total harmonic
distortion (THD). In what follows, we perform a quantitative analysis that will give the necessary conclusions
about the effect that can have such angle on the reduction of harmonics. A high performance control device
requires in general a good response in regulation and must be not very sensitive to the variations of operating
conditions and system parameter [10]. Techniques of conventional control of PI type cover a broad range in
the industrial applications. These techniques present a simplicity of implementation interest and a facility of
the regulators gains synthesis [11].

The mathematical model of the turbine and the DSIG, the vector control sharing of powers between the wind
system and the network will be studied and detailed. The simulation model was developed in a Matlab/Simulink
environment.

2. WIND POWER CONVERSION MODELLING

Wind power conversion chain studied includes, besides the DSIG, the inverters 1,2 the DC link voltage, the
inverter 3 and the connexion to the network through a filter. The inverters 1 and 2 are used to control the speed
and flux of the generator. This control is based on the MPPT algorithm. The inverter 3 controls the DC link
voltage, the active and the reactive powers exchanged with the network and establishes current to the proper
frequency by PI controllers. Fig.1 shows the synoptic scheme of the studied system. Each function of this
control device will be detailed.
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Figure 1. Block diagram of the wind power system based on DSIG
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3. WIND TURBINE and GEARBOX MODELLING
The transmitted power, P;, captured by the wind turbine, is given by expression (1) [12,13].
P, = 0.5C,(D)pSV3 1)

Where Cyis the power coefficient, S the surface swept by the blades, p the air density and V the wind velocity.
The torque of the turbine is the ratio of the transmitted power to the shaft speed, ;. It is given by:

T—Pt 2
t=q, )

The gearbox adapts the generator to the turbine. The generator torque Tgand the speed Q.are given by:

Tt ‘Qmec
Tg = E ) -Qt = (3)

The mechanical equation can be expressed as:
IJPQmec = Tg = Tem — [ Qmec 4)

The power coefficient C,is the aerodynamic efficiency of a wind turbine and its evolution is specific to each
turbine and wind speed. It depends on the blade pitch angle § and the speed ratio A which is expressed by [10]:

RQ,
= B 5
y) - ®)
Where R is the blade radius.
151 —18.4
C, = [0.73 (li) —0.0028 — 13.2] exp (Tg) (6)

With: 2’ = [1/(A + 0.088) — 0.035/(83 + 1)]~!

For the valuep=0, the graph ofC, (1), given in Fig. 2, is plotted using expression (6).The conversion device
extracts a power less than the theoretically recoverable power due to non-zero speed of air masses upstream of
the turbine. This presents a theoretical limit called the Betz limit which corresponds t0 a Cp, a5 [10,14].
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Figure 2. The graph of Cp function A

Power coefficient C

The maximum power point tracking (MPPT) algorithm permits to maximize the electric power extracted from
the wind energy [15]. The tip speed ratio should be kept around its optimal value, A,,..The reference speed
Qec Can be written as:
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Qnec = ( ];pt)- G (@)

The block diagram of the turbine model with the control of the speed is represented in Fig. 3.
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Figure 3. The block diagram of the turbine model with variable speed control
4. MODELLING of the DSGI

The dual stator induction generator (DSIG) consists of a mobile rotor winding and two fixed three-phase stator
windings displaced with an electrical anglea. The windings axes of each star are displaced with an electrical
angle 2w /3 and fed by a balanced voltages system, creating a slipping magnetic field in the air-gap. The rotor
is a squirrel cage consisting of conducting bars short-circuited by a conductive ring at each end Fig.4 shows
schematically the windings of the DSIG. The 6,. and (6, — a)angles indicate respectively the rotor position of
as1phase (star 1) and ag, phase (star 2). The quantities relating to the two stars (1 and 2) will be denoted by
s1 and s2 respectively [7,8,16].

Figure 4. Schematic of dual stator induction generator

The electrical equations in matrix form for the star 1, the star 2 and the rotor are given respectively by:

[vs1] = [Real[lisa ]+ [051] ®)

[vs2] = [Re2][[is2 ]+ [9s2] ©)

[v] = R[]+ o] (10)
Vas1 Vas2 Var
With: [vg] = [vbsll; [Vs2] = [vszI; [v,] = [vbrl
17651 17652 UCT
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The flux expressions (for starl, star 2 and the rotor) in function of the currents are given by:

Ps1 [ s1 51] [le 52] [ler
Ps2 [Lsz sl] [Lsz 52] [Lsz r [lsll
PDr

[Lr,sl] [Lr S2

Where:

2m 4
L, cos(a) L5 COS (a + ?) L5 cOS (a + ?)

2w 2w
[Ls1s2] = |Lims cos <a - ?) Lys cos(a) L5 COS (a + ?)

4 2
leS cos <a — ?) Ly COS (a — ?) L cos(a)

2 4
Lg,cos(6, — a) Ls,-cos(6, —a + ?) Lsycos(6, — a + ?)

2 2
[Lszr] =|Lgrcos(6, —a — =) Lgrcos(6, — a) Lg-cos(6, —a + ?)

3
4m 2
Lg.cos(60, —a — ?) Lg.cos(6, —a — ?) Lg.cos(6, — a)

(11)

The mathematical model of the DSIG is derived from the PARK theory in order to simplify the differential

equations as shown in Fig.5.
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Figure 5. Representation of the DSIG model along the axes (d, q)
(11 = [LI"H{[BI[U] = wg[C]lI] - [D]LIT}
Where:

Wy = Wg — Wy Wy =P * Qpee

(U] = [Vdslvqslvdszvqsz Var vqr]t

t
[I] = [ldsllqsl las2 lgs2 lar [qr]
d

[1] = pratl
[B]=dlag[1 11100]

o 0 0 0 0 0

O 0 0 0 0 0

O 0 0 0 0 0
€I=1o 0o o o 0 0

0 Ly 0 —Ly 0 —(LytLn)
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(Ls1+Ly) 0 Ly, 0 Ly, 0
0 (Ls1+Ly) 0 Ly, 0 Ly,
L] = L 0 (Lgp+Ly) 0 L 0
- 0 L 0 (Lgy+Ly) 0 L
L 0 L 0 (L+L,) 0
0 L 0 L 0 (Ly+Ly)
Rsl —Wg (L51+Lm) 0 _(‘)sLm _(‘)sLm-
Wg (L51+Lm) Ry WsLpy, 0 WsLpy, 0
[D] — 0 _wsLm RsZ _ws(Lsz+Lm) 0 _wsLm
WsLpy, 0 Wg (Lsz +Lm) R, WsLpy, 0
0 0 0 0 R, 0
0 0 0 0 0 R,
The electromagnetic torque is expressed by:
Tem =P m [("qsl + lqsz)¢dr - (Ldsl + Ld52)¢qr] (13)

The active and reactive power are described by:

{Ps = Vgsilas1 T Vgsilgsi TVas2las2 T Vgsalgs2

_ (14)
Qs - vqslldsl - 17dsllqsl + vqszldSZ - 1stzlqsz

5. FIELD ORIENTED CONTROL of DSIG

The field-oriented control (FOC) achieves a natural decoupling control of flux and the torque such as in the
case of a separately excited DC machine. The control laws of the FOC are derived from the DSIG equations
by the Park transformation related to the rotating field (d,q)and the rotor flux orientation. This is obtained by
letting the rotor flux ¢4, component and the vector ig-aligned in d-axis direction. The electromagnetic torque
and the component vector iq.are kept in g-axis direction. The flux ¢4 is kept equal to zero [17].

Expressions of the electromagnetic torque and slip speed references are respectively [9, 18]:

Tom =P T_TLT) (tgs1 + ths2) @5 (15)
W = rer (l;;sl + 1252) (16)
T+l @
With: Gy + (g, = 25
- tds1 ds2 Lm

To compensate the error introduced during the decoupling of the torque and the flux, the references stator
voltages at constant flux are expressed by:

* —
Vas1 = Vags1 — Vdsic

*
vqsl - vqfsl + vqslc (17)
* —
Vasz2 = Vafs2 — Vdszc
* —
quz - qusz + Vquc

Where:
(Vdslc = w; (lelqsl + Tr(PZr(U;[)
Vgsic = wg (Ls1tgsr + QDZIT)
Vas2c = w; (Lszlqsz + Tr@jirw;l)
Vgs2c = w5 (Lsatasz + Pgr)
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The control block diagram is represented by Fig.6.
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Figure 6. The block control diagram
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6. GRID-SIDE POWER CONTROL
Mathematical modelling of the DC link system studied is as follows:

dU, 1

dt = C (tac — tm) (18)

Where:
lgc = lg1 + a2 (19)

The topology of the inverter 3 (Fig.1) permits to generate and to call a current from the network. Its objective
is to maintain the voltage of the DC link constant whatever the amplitude and the direction of transition from
the power. This later is controlled so as to control the currents forwarding by the filter (R,L). So, a vector
control in the Park model is achieved using a synchronized reference with the voltages of the low-side network.
From the measurement of the voltage of the DC link, the inverter is controlled in order to impose the references
to the simple voltages (v4_inv, Vq_inv)- By tuni_ng of these last, the Park components of the currents (Lgg, L4g)
are controlled by PI correctors with compensation [19, 20].

The reference voltages expressed in d-g frame are given by:

i = vt -
Vg iny = Vgg + Vgg T WsLtlag
Where:
{V:ig = PI(s)(lgg — tag)
Vae = PI(s)(qg — tgg)
The network currents are expressed as:
ldg - (Rt T LtS) (Vd_inv vdg twslqg) (21)

L — Vgg + Lewslyg)

a9 = (Rt + LtS) (vq_inv
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The grid reference reactive power is imposed, Qg = 0, in order to achieve the unity power factor in electrical
supply network side.

The grid reference active power is:
Pg* = Ugclac — Udclt*ic (22)

Where the tuning of the DC link is carried out by a regulation loop, using a PI corrector, which generates the
capacitive current reference (i5.) in the capacitor:

tac = PI(s)(Ugc — Uac) (23)
Network reference currents expressions can be represented by:

* *
_ Fjvag + Qgugg

lgg =
g 2 2
Vgg + Vg 24)
Piv,, — Qv
[ =979 g%dg
ag — 2 2
Vag + Vig

7. SIMULATION RESULTS and DISCUSSION

The simulation results of the control system, which already presented, are implemented using Matlab /
Simulink software for the wind speed profile depicted in Fig.7.The DSIG used in this work rated at 1.5 MW,
whose nominal parameters are indicated in appendix, is simulated by choosing a = 30°.

It is clear from Fig.8 that the rotation speed follows perfectly its reference, which varies depending on the
imposed wind profile. The waveform of the electromagnetic torque generator follows its reference resulting
from the MPPT algorithm as shown in Fig.9. The decoupling of the direct and quadratic rotor fluxes of the
DSIG is illustrated in Fig.10. We can see that the quadratic rotor flux has zero value, as the oriented control
field requires.

The evolution of DSIG stator currents in the first phase of each star at all simulation time is shown in Fig. 11a
and between 8 and 8.06s is shown in Fig 11.b. These currents are sinusoidal, displaced with o = 30°.

The DC link voltage is constant and follows its set level 1130 V Fig.12. It can be seen from Fig.13 that the
active and reactive grid powers follow in an acceptable way in accordance to their references at all simulation
time. In order to get a unit power-factor in network side the reactive power reference Qgis fixed at zero value.
The voltage and current grid and their zoom are given respectively in (fig.14a and b) respectively. It is clear
that the current has sinusoidal form and opposite phase with respect to the voltage meaning that power flows
from the aero generator to the grid. Fig.15 in turn, gives the spectrum THD (total harmonic distortion) of the
grid current Ig1. This THD is defined as the ratio of total effective value of harmonics (their quadratic sum) to
the RMS value of the fundamental component. We will analyze a sequence of time between [1.4s, 1.42s] which
corresponds to the period of the generated current.

As we see, the harmonics appearing in the grid current are minimized.Tablel presents the THD for different
angles a. We can notice that at a = 30° the THD=3.37% which is reduced compared with other angles.
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Figure 7. Profile of wind speed Figure 8. DSIG speed and its reference

28



JOURNAL OF ENERGY SYSTEMS

X 104

[EEN

em

o
o
|

em

ot
(3]

Electromagnetic torque (N.m)
o

|

|

>

5 10 15 20 25 30
Time (s)

Figure 9. DSIG Torque and its reference

I

3000

2000

=
o
o
O

Stator current (A)

0 5 10 15 20 25 30
Time (s)

Figure 11.a Stator current of the starl and star2

1500,

e

& 1000

8 w lu

9 ™~ 1130 s

X

= 12

= 500 7975 798  7.985 «

0 —U

la) dc
0 *Udc
0 5 10 15 20 25 30

Time (s)

Figure 12. DC link voltage

Grid voltage (V) and current (A)

Figure 14.a. Grid voltage and current

29

=

Rotor flux (Wb)
o
>,: -

'
(RN

ar
_q)dr

5 10 15 20 25 30
Time (s)

Figure 10. Direct and quadratic rotor flux

g

1500
& 100077 7an acwi iR
put [\ RN [\ as2
€ 9007 ] x i

s N W

5 0 \ f \

: W N N
S 500 \ - L

g //f \ / / \\ //
? _1000 Ve S v,
1500801 802 803 804 805 806

Time (s)

Figure 11.b Zoom of Stator current of the starl and
star2

x10°

(A}

[y
«

Active(W)and reactive power(VAR)
. o
N
o
| |
@(Ox- -UX- «

{@

SN
[Sa]

10 ) 20 25 30
Time (s)

Figure 13. Grid active and reactive powers

< v
£ 2000 Y
P IRPANIRIFaNTAY="
S 1000 / \

T / \ \

8 0 / \ / \ ,/ \
S /‘ \ ’{ /f

g 1000~/ f s
ISV
9 -2000

T

© 8 80l 802 803 804 805

Time (s)

Figure 14.b. Zoom of the grid voltage and current



Fundamental (50Hz) , THD= 3.37%
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Figure 15. THD spectrum analysis of the grid current Igl for « = 30°

Table 1. Effect of the angle position between the two stars on the THD of the generated current
o (°) 0 10 20 30 40
THD (%) 4.49 3.81 3.41 337 381
o (®) 50 60 70 80 90
THD (%) 3.53 3.66 355 3.97 354

8. CONCLUSION

In this paper, we have investigated the modeling and the control of a system which converts wind energy into electrical
energy. A variable speed control of wind turbines is studied in order to maximize energy extraction from the wind. A
classical Pl mode vector control for a DSIG drive is used in order to control the currents of the DSIG injected in the grid.
It shows that good results are obtained. Indeed, the objective of the simulation study is to verify the influence of the
displaced angle between the two stator windings of the DSIG on the grid generation current quality. The results show that
at 30 degrees the Total Harmonic Distortion (THD) in the grid current is reduced compared to different displaced angles.

Appendix parameters
Turbine: Diameter =72 m, Number of blades=3, G = 90, Cpmax = 0.44, Aope = 7.05.

DSIG: B, = 1.5MW, U =400 V, F=50 Hz, p=2, Rg;= Rs,=0.008 Q, Lg;= Lg,=0.134mH , L, = 0.0045 H, R, = 0.007
Q,L,. = 0.067mH, J = 10 kg.m? (turbine + DSIG), f = 2.5 Nm s/rd (turbine + DSIG), L, = 0.001 H, R, = 0.01 Q, C =
0.072 F.
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