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Abstract: Multiphase asynchronous machines are used more and more for reasons of reliability and power segmentation. This
study deals with the modeling and the control of a dual star induction generator (DSIG) connected to the grid via two rectifiers
and a three-phase inverter controlled by PWM. A second order sliding mode has been applied to the DSIG control. The last part
of this work was devoted to the integration of the DSIG in the wind energy conversion system. The results of simulations
presented at the end of this work show the effectiveness of the proposed control in particular on the quality of the energy supplied
to the grid.

Index Terms - Dual star induction generator (DSIG), second order sliding mode control (SOSMC), field oriented control
(FOC), PWM rectifier.

l. INTRODUCTION

In the last years, wind energy as the most widely utilized renewable resources and has been installed all over the world [1]. The
reason is that the energy it produces does not cause greenhouse gases or other pollutants. Modern wind turbines use advanced
power electronics to provide efficient generator control and to ensure compatible operation with the power system [2].

There are many wind generator technologies, among which the dual stator induction generator (DSIG).-The DSIG has a stator
winding more than the ordinary induction generator [3, 4]; they are spatially shifted by 30 electrical degrees with isolated neutral
points. Thus the state equations become more complicated as well as the coupling among the state variables. This paper
concentrates on the mathematical model of DSIG whose stator windings are tight coupled. A simplified DSIG model is given as
well.

In the past years the control strategy of a variable-structure using the sliding mode control (SMC) has been the subject of many
studies and researches for machine control [5], The sliding mode control system advantage is that the controller is switched
between two various control structures [6].

Though, this kind of control has an essential flaw, which is the chattering phenomen on produced by the discontinuous control
action. To fix these difficulties, several Amendments to the original SMC law have been suggested, the most important being the
boundary layer approach [7].

One manner to enhance SMC performance is to use a second order sliding mode controller [8].

This paper is structured as follows. Modeling of the dual star induction and the vector control strategy (Fields and voltages
equations is given) are shown in Section 2. The field oriented control (FOC) of a DSIG is presented in Section 3. The Second Order
Sliding Mode Control (SOSMC) are developed in Section 4. The integration of the DSIG in the wind energy conversion system in
Section 5.The scheme presented in Figure 3.1 and 4.3 are used for numerical simulation and the associated results are presented.
Finally, the conclusions of this work are drawn.
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1. MATHEMATICAL MODEL OF DSIG
The representation of the DSIG in the graduation Park is given in the following equivalent schemes.
L jois

Figure 2.1: The d-q equivalent circuit of the DSIG

2.1The voltages equations
The expressions of the stator and rotor voltage are defined by the following equation system:

Vgs1 = _Rslidsl + dd_tqjdsl - ws®qsl

Ugs1 = _Rsliqsl + :_t@qsl + ws®dsl

Vgs2 = _RSZidSZ + 6;i_t(Z)dsZ - (‘)s@qu (2 1)
vqu = _Rsziqsz + :_tmqsz + ws(z)dsZ l
0 =Ry + ;_t(z)dr - (ws - wr)(z)qr

0= Rriqr + ;_t@qr + (ws - wr)(zjdr

2.2 The flux equations
The expressions of the stator and rotor flux are defined by the following equation system:

Odsl = _lslidsl - lm (idsl + idsZ) i Lmd (_idsl 1 idsZ + idr) (= qu iqu

Q)qsl = _lsliqsl - lm (iqsl + iqu) + Lmq (_iqsl 1 iqu + iqr) + qu idsZ

Q)dsZ = _lSZidSZ - lm (idsl + idsz) + Lmd (_idsl 1 idsZ + idr) AL qu iqsl (2 2)
Q)qu = _l52iq52 - lm (iqsl + iqu) + Lmq (_iqsl 1 iqu + iqr) - qu idsl

Q)dr = lridr + Lmd (_idsl - idsZ + idr)

qu = lriqr + Lmq (_iqsl - iqu + iqr)

2.3 Electromagnetic torque
The expression of electromagnetic torque of the DSIG is written:

Tem = (g) (g) (Lm) [(igs1 + igs2)]Par — Gigs1 + ias2)Bqr (2.3)

Lar

I1l. CONTROL STRATEGY OF THE SYSTEM

3.1 The control rotor field orientation
In this control strategy, the field vector coincides with d-q axis. Then the component ¢q IS zero and ¢qr is constant. The
advantage of this presentation is to have a constant size in permanent regime.

Dar = 05
Dgr =0 (3.1)
p@; =0

The application of the rotor field orientation on the model of the DSIG given by the voltages equations:

Figure 3.1: Fundament of Rotor Field Orientation.

We obtain:
idr =0
P (ws=wy)Br (32)
lgr = Br—
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The final torque expression is written:

Te*m = (g) (2) L,:_TLV (iqsl + iqsz)o;i (33)
3.2 The Control algorithm

The objective of our control is to maintain constant the voltage at the output of the two rectifiers. The expression of the
reference power is written:

Vdc idc =P = Pele = TemQ (34)
The torque expression is:
p
Tem = 5 (35)

The torque is controlled by the quadrature of current igsl and igs Of the two stators:

. i (Lip+L)Tom
lgs1 T igsp = 57 3.6
gs1 qs2 PLin @ ( )

The flux ¢,* is estimated from the currents isd1 and i of the two stators:

* RyLm . )
0 = it (g + i) ()

3.3 Sliding mode controller (SMC)
To avoid chattering some approaches were proposed. The main idea was to change the dynamics in small vicinity of the
discontinuity surface in order to avoid real discontinuity and at the same time to preserve the main properties of the whole system.

x = f(x,t) + B(x,t)V(x,t),x ERMV € R™,ran(B(x,t)) =m  (3.8)
With control in the sliding mode, the goal is to keep the system motion on the manifold S [7], which is defined as:
S ={x:e(x,t) =0} (3.9
And
e=x"—x (3.10)

With

e : is the tracking error vector,
X* is the desired state,

X is the state vector.

The sliding mode control should be chosen such that the candidate Lyapunov function satisfies the Lyapunov stability criteria:
9 =2S(x)? (3.11)

9 =S(x)S(x) (3.12)

This can be assured for:
9 = —7|S(x)| (3.13)
With #>0.

Essentially, equation (3.11) states that the squared “distance” to the surface, measured by e(x)?, decreases along all system
trajectories. Therefore (3.12), (3.13) satisfy the Lyapunov condition. With selected Lyapunov function the stability of the whole
control system is guaranteed. The control function will satisfy reaching conditions in the following form:

yem =yget + gt (3.14)
With :
ucom is the control vector.
U®4 is the equivalent control vector.
U" is the correction factor and must be calculated so that the stability conditions for the selected control are satisfied.
U™ = Ksat(S(x)/5) (3.15)

sat((S(x)/0) is the proposed saturation function, J is the boundary layer thickness. In this paper we propose the Slotine method [9]:

S = (L + ,1)"_1 e (3.16)
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Here, e is the tracking error vector, A is a positive coefficient and n is the relative degree.
In our study, we choose the error between the measured and reference voltage of the DSIG as sliding mode surface, so we can
write the following expression:

S=V'y — Vi (3.17)
The first order derivate, gives :
S=V4 — Vi (3.18)
The sliding mode will exist only if the following condition is met:
$.5<0 (3.19)

3.4 Second order sliding mode controller (SOSMC)

This method generalizes the essential sliding mode idea by acting on the higher order time derivatives of the sliding manifold,
instead of influencing the first time derivative as it is the case in SMC, therefore reducing chattering and avoiding strong
mechanical efforts while preserving SMC advantages.

In order to ensure the DSIG voltage convergence to their reference, a second order sliding mode control (SOSMC) is used.
Considering the sliding mode surface given by (3.18), the following expression can be written:

S=V;. -V
o de e (3.20)
S=Y(t,x) + At x)Igg
Where Y(t,x) and A(t,x) are uncertain functions which satisfy:
Y >0,|Y]>10<K, <A <Ky (3.21)

Basing on the super twisting algorithm introduced by Levant in [10], the proposed high order sliding mode controller contains
two parts:

IRq = 171 + Uz (322)
With
7 = —k.sign(S)
vy, = —L.|S|". sign(S)

In order to ensure the convergence of the sliding manifolds to zero in finite time, the gains can be chosen as follows [11].

k>
Km
12 > A2 KuUctd) (3.23)
T K Ky (=2
lo<y<o05
_,_:[" Vdc2

PWM
Estimator Estimator A A A

Park
Transformed

Vdc Ref 2

Figure 3.1: Block diagram of the DSIG voltage control with SOSMC
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IV. CONTROL OF THE DSIG CONNECTED TO THE GRID

The studied system is connected to the grid, considered powerful and consists of a wind generator based on a DSIG, three
power converters, DC bus and transformer. The overall diagram of the system is shown in figure 4.1.

—-»> AC-DC DC-AC
—>
Converter Converter .
— Gear box  DSIG DC Bus Grid
—>
—> L~ L~
> 4‘
—>
—> ' — '
( ) Transformer

Turbine

AC-DC
Converter

Figure 4.1: Schematic representation of the DSIG connected to the grid.

4.1. Modeling of the grid side inverter

The line voltages are:
Vig =Vas = Vs = E- (i + 12)
Voc =Vis —Ves = E - (2 + f3) (4.1)
Vea = Vs — Vs =E'(f3 +f1)

With
fi+fi=1aveci=1,23
The phase-to-neutral voltages Vasi, Vas2 and Vass form a balanced three-phase system, such as:

Vasi + Vps1 + Vi1 =0 (4.2)
Solving equations (4.1) and (4.2) gives us:
s] [ 2 -1 —1]|A
s|=2|-1 2 —1||f (4.3)
I/CS _1 - 1 2 f3

4.2. Calculation of DC bus voltage
The voltage of the DC bus (V) is linked to the effective phase-to-neutral voltage of the grid (Ves) by the relation (4.4):

Vae = YVerr2V2 (4.4)

Where v is the dimensioning parameter of the DC bus, which in our case is taken equal to 1.
After calculations, we find: Vg4 = 1130 V.

4.3. Electric grid modeling

The power grid model is shown in Figure 4.2.
Inverter

€2 Lg Ve le 4
(SO |
€2 |_g |

Figure 4.2: Electric grid model.

The analytical model of the grid is presented by the system of equations (4.5), where ei, e; and ez present the electromotive
force of the grid; Ry and Lg are respectively the resistance and the inductance of the lines.
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dly
{Vlg —61 = Rg 'Ilg +Lgd_tg
al
{ Vag =2 =Ry lg+ Ly —* (4.5)
dal
Vag —€3 =Ry Isg+Lg-—2

The expressions for the active and reactive powers injected into the grid are given by equation (4.6).
Pg=Vaglag*Vaglag 4.6)
Qg=Vaglag=Vdglag

4.4. Grid link control

The block diagram representation of the principle of the control of the connection to the grid is illustrated by figure 4.3.

Grid
Inverter
Vlref Sa
> —>
Vel [ =) =T
V3TEL Si '
lay 4—] 0
ho <— /anc |,

Figure 4.3: Schematic representation of the principle of the control of the connection to the grid.

From the desired active and reactive powers, the converter is controlled so as to impose references to the phase-to-neutral
voltages (Vug, Vqg)- The Park components of the currents (lqg, lqg) are regulated by PI correctors with compensation, such as:

V€g=V{d+ed—ngglqg @7
Vag=Vrqteqtwglglag
With :
Via=PI(lag-iag)
Vyq=PI(Igg—iqg)
The reference active power is estimated by (4.9), where #1 and #- is the efficiency of the mechanical conversion.
Py = P+ Py = 115 Cpr (A, BIPTREVE + 15 Cop (4, B)pmREVS (4.9)

(4.8)

The active power is adjusted by a regulation loop based on a PI corrector generating the current reference (I "qg).
log = PI(B; = Fy) (4.10)

The adjustment of the reactive power is carried out in the same way as with the active power.
lag = PI(Q; — Q) (4.11)

V. SIMULATION RESULTS AND DISCUSSIONS

In this session, we will present the simulation results of the wind power conversion chain, based on DSIG. The simulation is
performed by the Matlab / Simulink software (the Grid and DSIG parameters are given in Table 1, 2). The reference active power
(Pg") injected into the grid is limited to the value of 1.5 MW (i.e. the nominal power of the DSIG used) and the reference reactive
power is set at a zero value Q" = 0 to have a unit power factor.

The wind profile is chosen randomly (Figure 5.1).

Figure 5.2 represents the mechanical speed of the DSIG and its reference. We can see that the mechanical speed Qmec IS
controlled and perfectly follows its reference.

The two components of the rotor field of the DSIG according to the two direct and quadratic axes are given by figures 5.3 and
5.4. The direct rotor field component (¢ar) follows its reference and the quadratic rotor field component (¢) is zero. This is due to
the directional control of the rotor field, carried out in conjunction with the SOSMC.
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The evolution of the DC bus voltage is given by figure 5.5, where the reference voltage is equal to 1130 V. Note that the
voltage Vg is kept constant and follows its reference perfectly, while exhibiting variations around the latter of negligible

magnitude.

The shape of the voltage at the output of the first phase PWM inverter during the limited power operation zone is shown in

Figure 5.6.

The current flow on the grid side of the first phase is given in figure 5.7. The amplitude of the current injected into the grid is
imposed by the technique of monitoring the connection to the grid. Their evolution during the full simulation time (zones Il and I11)

is shown in figure 5.7 (A). During the limited power operation zone is shown in Figure 5.7(B).

Figure 5.8 represents the evolution of active and reactive power on the grid side. The active power injected into the grid changes

in the same way as for the mechanical power.
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Figure 5.2: DSIG mechanical speed and its reference.
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Figure 5.3: Direct rotor field and its reference
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Figure 5.4; Rotor field in quadrature and its reference.
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Figure 5.9: Grid side active and reactive power.
Table 2 The DSIG parameters

Parameters

Parameters
Stator voltage

Table 1 The Grid and DC bus parameters
DC bus voltage

DC bus capacity
Grid resistance
Grid inductance
Stator/rotor frequency
Stator 1 resistance
Stator 2 resistance
Rotor resistance
Stator 1 inductance
Stator 2 inductance
Rotor inductance
Mutual inductance

Inertia

The work presented in this paper generally concerns the study, modeling, control and simulation of a wind power system
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connected to the grid. We used the high order sliding mode control (SOSMC) technique. The control used was applied to control

the voltages of the DC buses of the DSIG and satisfactory simulation results were obtained (speed and robustness).

In the second part of this work, we have dealt with the connection of the studied system to the electrical grid. This connection was

ensured by PI type regulators and numerical simulation results were presented and discussed.

V1. CONCLUSIONS
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