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In order to improve the quality of energy and reduce the harmonics
produced by the power electronics converters, it is proposed and
developed in this article the direct torque control, in which the flux and
torque are estimated from the only measurable electrical quantities. The
direct torque control DTC method, to enhance the dynamic and static
performances as well as the robustness of the control of the Wind Energy
Conversion System (DSIG). DTC is a control technique that exploits the
possibility of imposing torque and flux on alternating current machines in
a decoupled manner, once powered by a voltage inverter without current
regulation made by a feedback loop, ensuring a decoupling, similar to that
obtained from a vector control. The technique involved rapid torque
response, insensitivity to parametric variation, in particular the machine's
rotor time constant and systematic suitability for control without speed
sensor. The main function of the generator side controller is to track the
maximum power through controlling the rotational speed of the wind
turbine using PI controller. The performance and the effectiveness of the
proposed control system are tested via simulation results in terms of
reference tracking, and robustness against parameters variations of the
DSIG. Simulation results for 1.5 MW DSIG control show robust with
respect to the parametric variation 2 Rs, 1,5 Rs et 0.5 Rs, and fast
dynamic behavior of system, with the temps of response is 0.02 s, active
power extracted 0.15 MW with lambda 9 and Cp 0,5 that the wind turbine
can operate at its optimum power point for a wide range of wind speed
and power quality can be greatly improved.

This is an open-access article under the CC-BY-SA license.

1. Introduction

The recent trend indicates that wind energy will play a major role in meeting the future energy

target worldwide [1], on the one hand to reduce dependence on fossil fuels and to minimize the
negative impact of climate change on the other [2], [3]. Today, the development and multiplication
of wind turbines has led electrical engineering researchers to conduct [4] investigations in order to
improve the efficiency of electromechanical conversion [5] and the quality of the energy supplied
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[6], [7]. Several electrical machines can be used to implement the electromechanical conversion,
each of which presents different advantages and drawbacks [8]-[13].

In order to increase the power of a drive system Multi-phase induction [14] AC power
machines appeared an ultimate solution [15]-[20]. Multiphase (more than three phases) drives have
several advantages compared with conventional AC motors [21], such as reducing the amplitude and
increasing the frequency of torque pulsations [22], reducing the rotor harmonic currents, reducing
the current per phase without increasing the voltage per phase, and higher reliability [23]-[24]. By
increasing the number of phases it is also possible to increase the power /torque per rms ampere for
the same volume machine [25]-[27]. A common type of multi-phase machine is the dual stator
induction machine (DSIM), also known as the six phase induction machine [28].

Generally, in a variable speed wind energy system [29], below rated wind velocity [30], the
electrical torque is controlled in order to drive the system into an optimum speed for maximum
energy conversion [31], [32].

One of the most common control methods for DSIG is vector control [33]-[36], in which the
machine currents are decomposed into stators currents (torque, and flux) [37]-[40] and these two
currents are controlled in the reference frame fixed to stator flux (or voltage) [41]-[46]. In this
method, accurate value of machine parameters such as resistances and inductances are required and
nonlinear operation of converter for tuning current controllers is not considered. So performance of
vector control method is affected by changing machine parameters and operation condition [47],
[48]. The direct torque control (DTC) is one of the actively researched control [49] scheme which is
based on the decoupled control of flux and torque providing a very quick and robust response with a
simple control construction in ac drives for improve energy quality and reduce harmonics produced
by power electronics converters [47], [50]. In the mid 1980s, DTC of induction machine drives was
developed [49]-[51].

DTC is a control technique exploiting the ability to impose torque and flux to AC machines in a
decoupled way [47], [48], once supplied by a voltage inverter without current regulation made by a
feedback loop, ensuring decoupling, similar to that obtained from a vector command [52]-[55]. This
technique is used to calculate the stator flux and electromagnetic torque control quantities from the
stator current measurements [56]-[59].

This is the purpose of our study on one of the renewable energies currently under development,
wind energy. On the one hand, we will be interested in the current state of technological advances
that have allowed the construction and proper functioning of wind turbines and their insertion in
electricity production, the optimal design of a wind energy conversion system using a dual stator
induction machine (DSIM).

This paper is constructed as follows: in Section 2, the modeling of the wind generator and the
MPPT are presented. Section 3 deals with the Direct Torque control (DTC) of a DSIG. In Section 4,
the performances of the proposed control are illustrated by some simulation results, Finally, some
concluding remarks are given in Nomenclature.

1.1. Modeling of the Wind Turbine and Gearbox

Wind turbine mechanical power is expressed as follows [17] and [32]:

Py = G, (D)pS & 1)

Where Cp is the power coefficient of the turbine, p is the air density, R is the blade length and V is
the wind velocity. The turbine torque is the ratio of the out power to the shaft speed Qt, given by
[27]:

=1

Is the product of the out power and the shaft speed Ot [31], [32], [36].

T¢ (2)
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The turbine is usually connected to the generator shaft through a gearbox whose gear ratio is
chosen to set the generator shaft speed within a desired range. After taking out the losses in the
transmission, we can figure out how much force and speed the wind turbine has on its generator side
of the gearbox:

T 0
Ty=7fe=—7 ©)
Where the T, driving is torque of the generator and 2 is the generator shaft speed. The captured
wind power is not converted totally by the wind turbine. C, (1) Give us the percentage converted
which is function of the wind speed, the turbine speed and the pith angle of specific wind turbine
blades [30].

Although this equation seems simple, C, is dependent on the ratio A between the turbine
angular velocity £ and the wind speed V. this ratio is called the tip speed ratio expressed by [30]:

_OR

4
A== (4)
The areodynamique torque (wind) is determined the following equation [36], [17], [37]:
P, s
T, =—=C,(A)Sp V3/20, (5)

The previous equations have established a functional block diagram model of the turbine. It
indicates that the turbine rotation speed is controlled by the electromagnetic torque of the generator.
The wind speed is deemed as a disruptive factor to this system (as illustrated in Fig. 1) The wind
speed varies over time, and in order to ensure maximum capture of wind energy incident, the speed
of the wind turbine should be adjusted permanently with that of the wind [37].

Ip+f

Fig. 1. The control of turbine

1.2. Dual Star Induction Generator Model

The dual star induction generator model consists of a squirrel cage rotor and a stator with two
identical phase windings shifted by an electric angle of thirty degrees. To simplify the study of this
machine, we adopt the following simplifying hypotheses [17], [37]:

Suppose that the structure of the machine is homogeneous, that is, the length of the gap is
constant.
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We also admit magneto motor force. that the voltages generated by each phase of the two
armatures have a sinusoidal spatial distribution. The saturation of the magnetic circuit, hysteresis
and eddy currents are negligible. The saturation of the magnetic circuit, hysteresis and eddy currents
are negligible. The mutual leakage inductance common to both circuits (star 1 and star 2) is
negligible. The machine is considered to work in a balanced diet.

The equivalent two-phase model of dual stator induction machine, represented in asynchronous
frame (d, g) and expressed in state-space in the following form [37]:

[]] = [L1"{[BI[U] — wg[C1] - [D][I]} ©6)
Where:
Wy = W5 — Wp;0p = P *0y;

t t a1 dl]
[U] = [Vqslvdsl VquVdsz%rVdr] ;] = [Iqslldsl Iqszldsz Iqr Idr] ; [I] = ?;

0o 0 0 o0 0 0
0 0 0 0 0 0
0o 0 0 O 0 0
€1={o o o o 0 0
L, 0 L, O 0 Ly + Ly,
0 Lp 0 Lp —(Ly+Ly) 0
[Ls1 + Lm 0 Ly 0 Ly, 0
0 Lei + Ly, 0 L 0 Ly
L] = L 0 Ly + Ly 0 Lo 0
0 L 0 Loy + Ly 0 L
L, 0 Ly 0 L, + Ly, 0
0 Loy, 0 Ly 0 Lo+ Ly,
Rsl _ws(l‘sl + Lm) 0 _wsLm 0 (‘)sLm
wS (L.S‘l + Lm) RSl wsLm 0 wsLm 0
[D] = 0 —WsLlm Rs2 —ws(Lsy + L) 0 wsLm
wsLy 0 Ws (le + Lm) Rs> 0 0
0 0 0 0 R, 0
0 0 0 0 0 R,
The mechanical modeling part of the system is given by [31], [32], [36]:
dn
]d_tr = Tg — Tem — fridy (7
With:
T :(Ej L [(| L+ z)@d —(id1+id2)(o ] (8)
em 2 Lmd + Lr qs qs r S S qr

1.3. Grid Side Power Control

When the wind generator is in grid-connected control mode, all of its available power is fed
into the grid. The (abc) synchronous frame's dc link voltage and inverter output currents are
controlled by standard P1 controllers. The reference reactive power Q needs to be zero in order for
the grid voltage and current vectors to be in phase. The reference active power is being supplied by
the dc link voltage control. The voltage reference for the average conversion control method, which
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regulates the switches of the grid inverter, is established by the output of the current controllers.
[30], [32] and [37]. The DC link voltage is given by:

dudc 1

dt = Fic (lac — tona) (9)

Where,

lc = lgc — lona (10)

The reference active power injected to the electrical supply network is given by:

Pg* = Ugclge — Udcle (11)

The reference voltages are expressed by [34].

* ok .
Va_ond = Vayg + Vag — wSLthg (12)
* _ * .

vq_ond = vqg + vqg + wSLtldg

In order to maintain a constant DC link voltage, it is feasible to employ a proportional integral
corrector. It is characterized by the capacitor value and the dynamics of the regulation loop. The
reference currents of a network, as expressed in the d—q frame, are derived from the equation
outlined in the following table [30].

Fyvag + Qgvqg
Vi, + Vg
Py vag — QgVag
173157 + vt%g

lgg =
(13)

- x
lgg

2. DTC of Dual Stator Induction Generator

The DTC of a DSIG is based on errors between references and estimated torque and flow
values to directly control inverter states to maintain torque and flow errors within band limits
prefixed. For this purpose, tables are used to select the switching procedure based on the inverter
states and maintain the influence of the parameter variation during operation [50]. The DTC
contains a pair of hysteresis comparators, a torque and flux estimator, and a voltage vector selection
table. Torque and flow are controlled simultaneously by applying appropriate tension vectors and
limiting these amounts in their hysteresis bands [1], [47].

The stator flux, as given in equation (14), can be approximated as equation (15) over a short
time period if the stator resistance is ignored [47]-[50].

¥s = Wso + [, (% — Ryl )dt (14)

Ps = o + [ Vy dt (15)

During one period of sampling Te, vector tension applied to the machine remains constant, and
thus one can write:

s+ 1) = s (k) + Ve Te (16)

Oor:Ay, =~ V.. T, (17)
Where: Te: The sampling period in which the voltage vector is applied to the stator windings.
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The stator flux i, relates to the stator voltage vector V; by equation (17) shows that the
derivative of i, reacts instantly to changes in V; . The stator voltage V; , in fact, the pulse width
modulated output voltage of the MLI converter, which can be controlled by the reference vector
Vref in the spatial vector modulation Vref. Since Vref is synthesized by the voltage vectors
(switching states) of the converter, proper selection of vectors can make the amplitude and angle of
Y, adjustable [1], [37]. The expression of the electromagnetic torque is given by the following
equation [60], [61].

Tem = k. [0s]]. ||| sin @) (18)

Where, 6 is the angle between the stator and rotor flux linkage, kc is constant depending on the
parameters of the machine, andﬁs,ﬁrare the stator and rotor flux space vectors

Besides, the switching table is depicted in Table 1. A two levels classical voltage inverter can
achieve seven separate positions in the phase corresponding to the eight sequences of the voltage
inverter [1], [47]-[49].

Direct torque control essence is to control the electromagnetic torque of the generator by
adjusting the torque angle 6 while maintaining the amplitude of the stator flux at a constant value
(normally at its nominal value). Since the stator flux is maintained at its nominal value, the
generator’s 1, rotor flux is almost constant, varying only a few percent around its nominal value
over a wide operating range. As a result, the torque can be controlled directly by 6 [1], [63] and [64].
Different vectors of stator voltages provided by a two levels inverter shown in Fig. 2. The Direct
Torque of DSIG shown in Fig. 3.

p

A

?s

V(010) V,(110)

?,

0, Vioo)
> o

V7 (111)

V4 (011)

Vs (001) Ve (101)

Fig. 2. Different vectors of stator voltages provided by a two levels inverter

Table 1. Vectors voltage localization

Ads AT S1 S2 S3 S4 S5 S6
1 110 010 011 001 001 100

0 0 000 000 000 000 000 000
-1 101 100 110 010 010 001

1 010 011 001 101 100 110

1 0 000 000 000 000 000 000
-1 001 101 100 110 010 o011
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Fig. 3. The direct torque of DSIG

3. Discussion Simulation Results

The computer simulation results for a 1.5 MW DSIG using a PI controller under two different
wind speed profiles (constant and random) were examined in order to confirm the validity of the
suggested controller. The Appendix contains the test DSIG parameters that were used in the
simulation.

The results of simulations are obtained for reactive power Q= 0 and DC link voltage Udc =
1130 V: one can note from Fig. 5, The speed of the machine follows its reference from the first
value of 135(rad/s), up to the value of 139.6 (rad/s), it takes the same wind speed (see Fig. 4), In
Fig. 6 the electromagnetic torque follows its reference and its estimate, and oscillates with a slightly
large ripple rate, while the torque changes its value about -2205 (N.m), at the end value of -
2384(N.m); From Fig. 7 the active power continues its reference, and varies from -0.6208 (MW) and
-0.7100 (MW),

An improvement in the tip speed A and the power coefficient Cp for which there is a decrease in
fluctuations around their optimal values (9 for tip speed and 5.2 for coefficient power), in all the
time of wind profile (see Fig. 8 and Fig. 9). In Fig. 10, the evolution of the flow in the two-phase (a,
PB), stator is circular; It can be seen that the stator flow established at the reference value 1.27 (see
Fig. 11); Fig. 12 shows a sinusoidal form of the stator phase voltage and current and 180° phase shift
between them, which reflects the production of electrical energy. The effective value of the phase
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voltage 435 (V) and the effective value of the phase current varies from 280 (A) and 296 (A); It can
see from Fig. 13, the DC link voltage is maintained at a constant level (1130 V), From Fig. 14 the
grid voltage and current have the sinusoidal and 180° phase shift form between them, this justifies
that the power flow is always from the aerogenerator to the electric grid. the effective value of the
563 (V) phase voltage and the effective value of the phase current varies from 552 (A) and 668 (A),
the peak value of grid current is a dual one for the stator current, this justified that there are two
stators. Hence that the real power extracted from the wind energy conversion systems can pass
through the grid. Fig. 15 illustrates, the active and reactive powers supplied to the grid, where the
active power varies from -0.6357 (MW) and -0.7114 (MW), and the reactive power is zero
according to its imposed set point (a negative power represents a generated power). From these
simulations, one can notice the performances of the DTC control which ensure a decoupling, similar
to that obtained by the vector control which adequately ensured the MPPT of the wind system. To
bring the reality, it was applied a wind speed profile in form of random (see Fig. 16). From Fig. 17,
Fig. 18, Fig. 19, Fig. 20, Fig. 21, Fig. 22, Fig. 23, Fig. 24, Fig. 25, Fig. 26, Fig. 27 good results are
obtained under both transient and steady state conditions.

The wind power captured and DSIG speed follow properly their optimal reference and have
the same waveform as applied wind profile. The electromagnetic torque converges quickly to its
reference. The active power tracks quite well its set-point up to the rated speed and extracts the
maximum power, when the reactive power is fixed to 0 VAR. From the stator voltage and current
waveforms, it can be seen that, the stator operates nearly at unity power factor.

In order to highlight the robustness of the suggested DTC control with respect to stator
resistance variation (Rs), the simulation tests were performed taking into account the increase and
decrease of this parameter. The results are shown in Fig. 28, Fig. 29, Fig. 30, Fig. 31. It can be noted
that the velocity and flow dynamics and are not affected by the variation of the stator resistance.
This shows the robustness of the suggested control algorithm.
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4. Conclusion

In this paper, a direct torque flux control algorithm for a two-stator induction generator
in a wind energy conversion system based on a grid-connected DSIG is proposed. The performance
of the proposed system was simulated under different conditions such as wind speed
profile changes and parameter variations. This proves that DTFC is not only robust but can also
improve the dynamic performance of the system. The proposed DTFC method achieves.

e  Good pursuit of reference speed;
e The DTC is fast response compared with vector control [27], [37].
e  Good support for turbine and generator parameter variation and power grid disturbances.

The work done opens up several perspectives. Some of the issues that have not been discussed
here in detail and may be the subject of future research include:

e  The practical realization of DTC control
e DSIG study associated with matrix and multilevel inverters

e Integration of DSIG in a mixed wind farm;
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and approved the final paper.
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Parameters
Turbine: Diameter = 60 m, Number of blades = 3, Hub height =85 m, Gearbox = 90

DSIG: 1.5 MW, 400 V, 50 Hz, 2 pole pairs, Rs1=Rs»=0.008 X, L1=L,=0.134 mH, L»= 0.0045 H, R, =
0.007 X, Ly = 0.067 mH, J = 104 kg m2 (turbine + DSIG), f,= 2.5 N m s/rd: (turbine + DSIG).

Nomenclature

G Gear ratio

\Y Wind velocity

P, Nominal power

S Avrea of the rotor

A Tip speed ratio

Aopt The optimal Tip speed ratio
Cy Power coefficient

Copmax- The maximum power coefficient
0, Mechanical speed of the DSIG
Qy Mechanical speed reference
0, Turbine speed

T, Aerodynamic torque

T, Generator torque

Ryi , Ry, Per phase stators resistances
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Li,L, Per phase stators leakages inductances

L, Magnetizing inductance

R, Per phase rotor resistance

L, Per phase rotor leakage inductances

J Inertia (turbine + DSIG),

fr Viscous coefficient

P Number of pole pairs

tf final time

ws Speed of the synchronous reference frame

W, Rotor electrical angular speed

Wg Sliding speed

Tem Electromagnetic torque

Tom Electromagnetic torque reference

Vqslvdsl Vqsz Vdsz
L
* * * *
Va1 Vg1 Vg2 Vaz

las1, lqsl lds2 alqsz

“d—q” stators voltages

“d—q” stators voltages references

“d—q” stators currents

Vor Var “d—q” rotor voltages

Loy 1oy “d-q” rotor currents

or Flux reference

Uge DC Link voltage

Ug” DC Link voltage reference

Qg Grid reactive power

B Grid active power

Qg* Grid reactive power reference
P Grid active power reference
VagVag “d-qg” grid voltages

Vag, Vag “d—q” grid voltages references
lagilqg “d-g” grid currents

lagiiaqg “d—g” grid currents references
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