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This paper investigates a dual star synchronous machine powered by two independent three-
level voltage source inverters integrated in a wind turbine system (Figure 1). The dual star
synchronous machine is used in areas of high power industrial applications such as naval
propulsion, traction systems and renewable energy. This use is motivated by several
important advantages compared to classical three-phase machine.

In this work, the machine side converters control the dq component current by a
conventional method based PI regulator, and then the load side converters control the DC
bus voltage using sliding mode approach and the RMS voltage load.

The validity of the proposed control technique is verified by Matlab/Simulink. Simulation
results presented in this paper confirm the validity and feasibility of the proposed control

approach, and can be tested on experimental setup.

1. INTRODUCTION

Sustainable electrical energy is a major concern of modern
society. Wind power represents a renewable and carbon-free
energy resource, which can be made available on a large scale
by wind energy conversion systems (WECSSs). During the last
two decades, electricity generation by wind power
experienced a vast expansion leading to a global cumulative
installed generation capacity [1-2].

The electrical AC machines drives have a very important
role in the operation of industrial systems. The performances
requested from these machines are constantly increasing from
the point of view of the delivered torque waveform and
dynamics speed quality [3].

The progress achieved in the domain of the power
electronics permitted to construct some static converters at
variable frequency. For high powers, the use of the
synchronous machines associated multilevel inverters
especially finds its application in the naval propulsion, electric
traction and the renewable energy conversion [1-4].

The major disadvantage of the conventional power supply
of the synchronous machines based converters with thyristor
is that it generates a high waveform of the electromagnetic
torque. To solve the problem, we proceed to an MSSD whose
windings are shifted by 30 degrees by another powered by
multilevel converters [5-6].

The evolution of high power electronic components has
contributed to power segmentation by controlling the
switching of these components. In addition, at low and
medium power, two-level inverters generally provide the
power supply of these machines. However, for high powers,
this power supply often requires multilevel inverters [6].

We know that the machine model is non-linear and strongly
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coupled between the rotor flux and the electromagnetic torque,
which makes its control very difficult. Several control
strategies have been proposed in the literature, [7-14]. In our
case, the machine side converters control the dg component
current by a conventional method based PI regulator, and then
the load side converters control the DC bus voltage using
sliding mode approach and the RMS voltage load.

The structure of the presented work is organized as follow:
The description of the proposed approach is set in section 2.
The physical modeling and control of different part of our
system with their equations model is set in section 3. The
simulations results of the studied are presented in section 4.
Section 5 summarizes the work done in the conclusion.

2. SYSTEM DESCRIPTION

The considered wind energy conversion system is shown in
Figure 1 and represents a state of the art WECS: a variable-
speed, variable-pitch, three bladed, horizontal axes and lift
turbine in up-wind position. Only a single wind turbine is
considered, without aerodynamical interaction between
multiple turbines as described by the wake effect. Regarding
the type of generator (in our case Dual Star Synchronous
Machine (DSSM)), the WECS might or might not comprise a
gear between turbine and generator. The generator feeds the
converted power through a full-scale back-to-back converter
and load-side filter.

The transformer is not explicitly modeled, but could easily
be added. The grid is assumed symmetrical and stiff, so that
the grid-side voltage source inverter (VSI) operates in grid-
feeding mode. So, an electrical interaction between multiple
WECS is not considered.
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Figure 1. Schematic diagram of the proposed WECS

3. PHYSICAL MODELING AND CONTROL
3.1 Model of dual star synchronous machine

The studied machine is a double star synchronous machine
(DSSM) with stator is made up of two three-phase windings
shifted between them of an angle (30¢), and an exciting
winding shifted compared to the axis of the stator phase of an
angle measuring the position of the rotor [3].

, = 0 w0
Va1 a1 d Yas
Vaz laz 0 2 0 oy
v = Rs i + d l,[) (1)
q1 'ql —w 0 E 0 q1
qu lg2 d ll)qz
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The rotor excitation circuit is written as
dy/
Vi =Rele +— 2
= Redp (2)
and the corresponding flux relations are given by:
War = Lalgs + Mglg + Mgl 3)
Va2 = Lylgz +Mylgy + Mgl @)
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The electromagnetic torque developed by the machine is:

Tem = p(‘//dliql —‘//qlidl +'/’d2iq2 —V/qzidz)

(®)
The mechanical equation is:
Jdw
d_: pTem - frw_ pTI
' ©)
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3.2 Modeling of the wind turbine

The wind energy conversion system is complex because of
the multiplicity of existing fields, aerodynamic, mechanical,
and electric; and factors determining the mechanical power, as
wind speed, dimension, and turbine shape.

Input and output variables of the wind turbine can sum up
as follows:

(1) Wind speed that determines the primary energy to the
admission of turbine.

(2) Tip-Speed ratio (T.S.R) defined by the ratio of the
linear speed in tip of blades of the turbine on the instantaneous
wind speed, and given by the following expression [15].

Vwind (10)
The fundamental equation of dynamics permits to
determine the mechanical speed evolution from the total
mechanical torque applied to the rotor that is the sum of all
torques applied on the rotor:
The mechanical power that wind turbine can extract from
the wind is calculated by:

1
P = E,O”chp (2 ) Vaing
(11)

3.3 Three-level inverter modeling

A three-level inverter differs from a conventional two-level
inverter in that it is capable of producing three different levels
of output phase voltage. The structure of a three-level neutral
point clamped inverter is shown in figure 2. When switches 1
and 2 are on, the output is connected to the positive supply rail.
When switches 3 and 4 are on, the output is connected to the
negative supply rail. When switches 2 and 3 are on, the output
is connected to the supply neutral point via one of the two
clamping diodes [16-17].
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Figure 2. Three-level inverter (k =1 for first inverter and k =2
for second inverter)



The functions of connection are given by:

{kaz = Sxkl'Sxkz

F..=S,5,.5 —
XKL T Oxk2rOxk3 X = a,b,c (12)
The phase voltage vy, vk, Vi, CaN be written as:
Vak 2Ry —Fae —Fae  2Faa = Foa = Foa )( Vg,
Vi | =| 2Pz = Fae = Faz  2Foia = Faia = Faa Ve
Vek 2Py —Fae =Pz 2Fga—Faa—Faa \ 2 (13)

3.4 Load side control

The dc-link voltage tracking error has the following
dynamic:

& =Vic —Vee (14)
. Ny ~. 1. .
e = 3\/d0| Ciigad _Els +Vg —Vge

eff (15)

Choice of the sliding surface

The quantity to be set is the average value V., V., of the
two input voltages V., and V,., of the two three-phase
inverters. For this, we choose the sliding surface for each
inverter as follows:

Si :Vdcref _VdC (16)

The derivative of this surface is

Si =V (17)

Condition of attractiveness and determination of the control:

The condition S(x)S(x) < 0 ensures the attractiveness of
the trajectory towards the sliding surface. To do so, simply
choose:

S7 (x) = —kysign(S; ) —ksS; (18)
with ki and k2 positive constants.

We then deduce the magnitude of the command, which is
the effective value of the reference currents of the load:

2Vdci
3veff

ig C (itoad —kusign(S; ) —k,S; )

(19)

Note that this command i, consists of the equivalent
command i;_.,, Which allows the convergence towards the
point of equilibrium on the sliding surface, and the attractive
command i,_, which depends on the surface and ensures the
attractiveness of the trajectory towards the latter.

ldeq =3v7dCICII0ad

eff (20)
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and:

ig_a = %C(klsign(si )-ks;S;)
eff (21)

i=1: first stator,
i=2: second stator.
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Figure 3. Sliding mode control scheme for the load side
3.5 Generator side control

The DSSM is multivariable, nonlinear and highly coupled.
The principle of vector control is to bring the coupled
nonlinear model of the DSSM to that of a DC machine, which
has a torque and flux independently controlled in order to
obtain the desired Performances. The main objective is to
decouple the electromagnetic torque from the direct
components of stator flux. As a result, to control the torque it
is necessary to impose the components of the two stator
currents igy , gz, igr, iga-

The electromagnetic torque is optimal for a decoupled
control strategy with i;; = 0and iz, = 0 [18, 20].

Based on the relations (3) to (8) and supposing that the two
inverters provide equitably half of the consumption by the
machine. The torque is written as:

Ty = p(‘//d1iq1 +‘//d2iq2) 22)

After this choice, we then obtain a model where the
components ig; and iy, are the only commands of the pair 7.

Ty
-x i;;[ :4
Ig1 = O’ PM i (23)
n
__ 2
.k |q2 = -
Id2:0 prdlf (24)

For a fixed excitation rotor current i, , the electromagnetic
torque is proportional to the i, component of the stator current
if however its i; component is maintained constant. Thus, it is
possible to impose by the means of the i; component an
operating at optimal torque and stator flux constant.
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Figure 4. Block diagram the generator side control

Figure 4 illustrates the scheme of vector control-DSSM
powered by two three level inverters, the decoupled control
strategy of the machine is ensured by the decoupling block
obtained by the model of the machine.

4. SIMULATION RESULTS AND DISCUSSION

To verify the validity of the proposed controller, the system
was simulated with Matlab SimPowerSystem using the DSSM
powered with two three level inverter debits in a permanent
active load and two other charges inserted in different periods.

120

The first load is an inductive load in the period between 7 and
8 s and the second is a capacitive load introduced in the period
of 15 to 20 s. For the reference speed of 75 rad/s, 104 rad/s and
55 rad/s was imposed in moments 9, 13.5 and 25 s respectively.

Figure 5 illustrates the speed of the generator which follows
well their reference as well as, the electromagnetic torque
which has a slight fluctuation which depends on the variation
of the load in the instants [7s, 8s] and [8s, 15s].

Figure 6 shows the voltage of the DC bus vcl and vc2 of the
first converter, is well kept constant at the specified value
(2500V) which constitutes an important advantage and proves
the effectiveness of the proposed structure.
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Figure 5. Speed and torque responses of DSSM
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Figure 8. Active and reactive power responses of the load
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Figure 10. Load current and the output voltage of the inverter
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Figure 11. Zoom of the load current and the output voltage of the inverter
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The stator current i, and iy,,, of the DSSM are presented
in Figure 7.

Figures 8 and 9 show the active and reactive power of the
load and the power excitation respectively, we note that the
current excitation remains constant despite the variation of the
loads (Figure 9).

Figure 10 shows the waveform of the voltage and current
load, in these Figures, we note that the RMS voltage keeps the
constant values.

Figure 10 illustrate the zoomed of the current and voltage of
the load respectively.

We conclude that the control of the conversion chain proves
its effectiveness and the application of the three-level NPC
inverter improves the quality of power in the system studied.

5. CONCLUSIONS

This paper has proposed an improved Sliding Mode Control
of Wind Energy Conversion System using Dual Star
Synchronous Machine and Three Level Converter. The
application of the sliding mode control strategy proves its
effectiveness of the control of DC bus voltage in the load side
converters. This made RMS voltage load control easier with
better performance.

The application of the vector control to the DSSM permitted
to simplify the model of the machine and to decouple it. The
performances of the machine supplied by two three-level
inverters controlled via conventional Pl regulator are
interesting to know an appreciable dynamic behavior and a
rejection of effective disturbance.

The results of the simulation clearly show the good
performances obtained with the sliding mode control on the
load side inverter and the vector control based Pl in the
machine side inverter.

The proposed approach can be validated with experimental
setup easily using FPGA, DSP or Dspace platform.
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NOMENCLATURE

DSSM dimensionless heat source length
AC Alternating Current

DC Direct Current

g Stator currents dg components

it Current rotor excitation

Pl Proportional and Integral

SMC Sliding Mode Control

Tem Electromagnetic torque

TL Load torque

Ve DC link voltage

Vg Stator voltage dg components
Vs Voltage rotor excitation

WECS Wind Energy Conversion System





