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Abstract

This chapter addresses the problem of controlling the Complete chain of the wind turbine
system using the permanent magnet synchronous generator (PMSG) connected with the
Distribution network via an AC/DC/AC converters through LCL filter, the control to be
applied in different parts of the system, whose objectives are three: (1) adjust the generator
speed to track a varying reference signal; (2) the control of the network-side converter
must be maintained the current injected into the network in a unit power factor correction
(PFC); (3) regulating the DC Link voltage at a constant value. Firstly, the mathematical
modeling for all system components studied in d-q frame and its state space equation are
established to simplify the proposed control, thereafter a nonlinear backstepping
approach is used in this work to achieve the objectives indicated above. The performance
of the proposed approach is evaluated based on the various simulations results carried out
under Matlab/Simulink/Simpower software.
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1. General introduction

Nowadays, the demand for electrical energy continues to increase, as the intense industriali-

zation of the last decades and the multiplication of electric household appliances has led to

considerable electrical energy needs. The various traditional power stations use fossil fuels

(coal, oil, natural gas, etc.) and, consequently, development, fissile sources (nuclear energy)

such as uranium, hydrocarbons and Water, thermal power plants are responsible for releases

of atmospheric gases. Nuclear energy has an undeniable advantage of not causing pollution,

but the risk of a nuclear accident remains, and which increases over the years like the storage

of non-repeatable nuclear waste. The treatment and burial of waste are real problems that

make this energy unattractive for future generations [1].

All these disadvantages have prompted researchers to reduce their exploitation to solve their

problems, using the so-called “renewable” energies (wind and solar). The latter are perfectly in

line with the overall effort to reduce CO2 emissions. Wind power is clearly in the forefront.

This energy is transformed into mechanical energy by wind turbines and then converted to

electrical energy by generators [2]. Therefore, there are different wind turbine configurations

installed in large scale; The major distinction among them is made between generator synchro-

nous or asynchronous [3].

After having transformed wind energy into electrical energy, it is necessary to adapt it to the

load it is feeding or the network to which our production system is connected, since the wind

turbines considered as generator of variable power. Where the voltage supplied by the gener-

ator undergoes variations due to fluctuations in the speed of rotation thereof as a function of

the wind speed. This results in a variation in the electrical power supplied to the load supplied.

Moreover, the shape and frequency of the supplied voltage are not necessarily adapted to the

load. To solve these problems, it is necessary to use power electronics via a generator-side

rectifier and a network-side inverter, new control approaches are learned to optimize this

generation of energy.

In this chapter, we use the permanent magnet synchronous generator (PMSG) a variable speed,

which found a particular interest in applications of wind energy, because have many advantages

such are considered stable, their small size and high energy efficiency, ability of operation at slow

speed and they do not need a gearbox [4, 5]. The last years have seen rapid progress in the

control of nonlinear systems related to renewable energies. This system has been treated using

several control strategies ranging from simple techniques, for example so-called oriented flow

control (FOC) [6], to more sophisticated nonlinear approaches, which poses a major problem

which is the need to use a mechanical sensor (speed, load torque). This imposes an additional

cost and increases the complexity of the assemblies, for example, feedback linearization [7],

hybrid mode/slip/neuro fuzzy control [8], the direct control of the couple (DTC) [9].

In nonlinear control or having non-constant parameters systems, conventional control laws

may be inadequate because they are not strong especially when the demands on accuracy and

other dynamic characteristics of systems. We must appeal to non-sensitive control laws to

changes in parameters, to disturbance and nonlinearities, On the other hand.
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In this chapter, we present a technique to control two power converters which is based on the

backstepping approach, it Draws the attention of many researchers in the field of control of

electrical machines [10–13]. The importance of backstepping controllers lies in: the high accu-

racy, fast dynamic response, stability, simplicity of design and implementation, and vis-à-vis

robustness changes in internal or external parameters [14]. The rest of this paper is organized

as follows. In Section 2 the mathematical model detailed and the state space of the system

studies are presented, and the control proposed based on the technical backstepping for the

whole system are presented in Section 3. Section 4 present the simulation example in the

platform MATLAB/Simulink/Simpowers, we end this chapter with a conclusion.

2. Modeling of the wind system based on a synchronous generator

In the second part of this chapter we have proposed the concept of a complete wind chain. In

this part, we establish a mathematical model of the whole wind chain by insisting in particular

on the Multiphysics character (taking into account the mechanical, magnetic, electrical phe-

nomena)

The modeling of the wind turbine requires the modeling of the electric generator, the power

converter and the filter of the control system [15]. This section divided into two parts:

• The first part is devoted to the modeling of the permanent magnet synchronous machine

associated with the rectifier

• In the second part, we present the modeling of the converter on the network side

(inverter); connected to the grid via an LCL filter show by Figure 1.

2.1. AC/DC rectifier-generator modeling

The control of an electric motor is a difficult task and requires, above all, a good knowledge of

its dynamic model.

This part will consist in describing the machine mathematically with its nonlinear model by

putting some working hypotheses in evidence [16, 17], which allowed the study of behavior of

the latter. The model adopted is based on the transformation of PARK.

Expressed in the d-q coordinates, are given the following state space form:

dω

dt
¼

Ld � Lq
� �

j
id þ

pϕf

j

� �

iq �
f

j
ω�

1

J
Tl (1)

diq

dt
¼ �

Rs

Lq
iq � p

Ld
Lq

ω id � p
1

Lq
ϕf ωþ

1

Lq
vq (2)

did
dt

¼ �
Rs

Ld
id þ p

Ld
Lq

ω iq þ
1

Ld
vd (3)
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where Rs is the resistance of the stator windings, (Ld, Lq) are d and q axis inductances, (id, iq) are

the dq components of the stator current, φf amplitude of the flux induced by the permanent

magnets of the rotor in the stator phases, p number of pole pairs, j combined inertia of rotor

and load, Tl shaft mechanical torque, f combined viscous friction of rotor and load, ω angular

velocity of the rotor (vd, vq) denote the averaged stator voltage in dq- coordinate (Parks

transformation of the triphase stator voltages) these voltages are expressed in function of the

corresponding control action:

vq ¼ vdcu1; vd ¼ vdcu2 (4)

2.2. DC/AC inverter-grid modeling

The supply network is connected to a single-phase inverter consisting of four semiconductors

(IGBT with antiparallel diodes for bidirectional current mode) displayed in two branches. A

single switch on the same leg can be conductive at the same time, this converter connecting

with the network through an LCL filter, the latter they minimize the amount of current

distortion injected into the utility grid [18, 19]. Applying Kirchhoff’s laws, this subsystem is

described by the following set of differential equations:

di2
dt

¼
1

L2
�r2i2 þ vc � vrð Þ (5)

dvc
dt

¼
1

C
i1 � i2ð Þ (6)

di1
dt

¼
1

L1
�r2i1 þ vdc � vcð Þ (7)

where L1and L2 are the self-inductances, r1 and r2 are its parasitic resistances, (i1, i2) are the

components of the current flowing the inductors L1 and L2 respectively. (vc, vr, vo) are the

Figure 1. Architecture of AC/DC/AC power converter in wind power system.
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voltages across the capacitor, in the grid side and in the output of inverter respectively. The

inverter undergoes the equations:

vo ¼ vdcu (8)

Elaborate partial model uses binary control signals, to develop the control laws, and it will be

based on the average model in which each variable is replaced by its average value over a

switching period.

Now, let us introduce the following notation:

ω ¼ x1; iq ¼ x2; id ¼ x3; i2 ¼ x4; vc ¼ x5; i1 ¼ x6

where x represents an averaging value over a cutting period of a real signal.

The state space equations obtained up to now are put together to get a state space model of the

whole system including the AC/DC/AC converters combined with the synchronous generator.

The whole model is rewritten here by:

_x1 ¼
Ld � Lq
� �

j
x3 þ

pϕf

j

� �

x2 �
f

j
x1 �

1

J
Tl (9)

_x2 ¼ �
Rs

Lq
x2 � p

Ld
Lq

x1 x3 � p
1

Lq
ϕf x1 þ

1

Lq
vdcu1 (10)

_x3 ¼ �
Rs

Ld
x3 þ p

Ld
Lq

x1 x2 þ
1

Ld
vdcu2 (11)

_x4 ¼
1

L2
�r2x4 þ x5 � vrð Þ (12)

_x5 ¼
1

C
x6 � x4ð Þ (13)

_x6 ¼
1

L1
�r2x6 þ vdcu� x6ð Þ (14)

3. Nonlinear controller design

The main challenge of our research work is to design a control law for the permanent magnet

synchronous generator, which is more powerful for monitoring control, disturbance rejection,

stability, parametric uncertainties of robustness, compliance with constraints Physics and

computation time, while maintaining the nonlinear aspect [20].

Since a few years, many evolutions have been made within the framework of the control of the

nonlinear systems whose backstepping technique forms part. The backstepping approach is a

systematic and recursive methodology for the synthesis of nonlinear control laws, the basic

idea of backstepping control is to make the system looped, equivalent to cascaded order one

subsystems Stable in the Lyapunov sense, which gives it robust qualities and an asymptotic
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global stability of the tracking error. For each subsystem, a so-called virtual control law is

calculated, in order to ensure the convergence of the first-order subsystems characterizing the

continuation of trajectories toward their equilibrium states (tracking errors are zero). The

determination of the control laws that flows from this approach is based on the use of

Lyapunov functions [14]

From the point of view of control, this is expressed in the following three objectives:

i. Speed control: forces the speed of the generator to follow a reference signal varies.

ii. PFC: the current injected into the network must be sinusoidal and in phase with the AC

supply voltage.

iii. Check the voltage of the DC bus at a given reference. This is usually set to a constant

value equal to the nominal input voltage of the drive.

The control to be applied in different parts of the system. The generator-side converter is

mainly used to control the speed of the generator to extract the maximum output power at

different wind speeds [16, 18], the mains-side converter is mainly used to control reactive

power on the one hand and Maintain the voltage In the DC bus capacitor of the constant value

and make the current output of the inverter in phase with the gate voltage.

A nonlinear recoil control design scheme is developed for PMSG speed tracking control.

3.1. Generator speed control

The system includes a fast mode (electrical currents) and a slow (mechanical) mode. The

adopted control strategy uses cascaded loops, two internal loops to control the currents of the

d and q axes, and an external loop to control the speed of the generator, in order to guarantee

satisfactory speed reference tracking quality despite [21]. The uncertainties of the generator

parameters. In this sense, we go through three steps, as shown in Figure 2. In each step, we

calculate the associated error and we ensure the stability of the system by choosing the good

function of Lyapunov in order to find the commands.

Figure 2. Rotor-side converter control system.
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Usually the current of the d-axis must be set to zero in order to keep the flow constant in the air

gap of the machine [22]. The current of the q-axis must follow a reference signal of the external

speed loop [23].

In order, the PMSG speed is used as a reference value for a controller to capture the maximum

power of the incident energy of the wind turbine.

3.1.1. Step 1: calculation of the virtual control law iqref

To solve the speed monitoring problem, the velocity control error and its path designated by

the reference value are defined:

e1 ¼ x1 � x
ref
1 (15)

Let a virtual input x used to ensure the stability of the speed loop, the dynamics of the speed

control error is given by:

_e1 ¼ _x � _x
ref
1

_e1 ¼
Ld � Lq
� �

j
x3 þ

pϕf

j

� �

x2 �
f

j
Ω�

1

j
Tl � _x

ref
1 (16)

The asymptotic stability of the resulting closed loop system is guaranteed according to

Lyapunov stability theorem. To the speed of tracking error goes to zero, the Lyapunov func-

tion is constructed for the subsystem is given by:

V1 ¼
1

2
e21 (17)

If this function is always positive (it is the case now) and its derivative is always negative, the

error will be stable and tends to zero.

The derivative of the function is written as follows:

_V 1 ¼ e1 _e1 (18)

For the derivative of the test to be still negative, it must take the derivative of the form:

_V 1 ¼ �k1e1 (19)

Where k1 > 0 is a positive control parameter introduced by the backstepping method, which

must always be positive and non-zero in order to satisfy the stability criteria of the Lyapunov

function. In addition, this parameter influences the dynamics of the control. By following the

backstepping method, a virtual command x2 used to ensure the stability of the velocity loop is

given by the following equation:

x2 ¼
j

p Ld � Lq
� �

x3 þ pϕf

þ
f

j
x1 þ

1

J
Tl þ x

ref
1 � k1e1

� �

(20)
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Once the virtual input x1 defined in the first loop to stabilize the dynamics of (13), we define

the second error on the current as follows:

e2 ¼ x2 � x
ref
2 (21)

3.1.2. Step 2: calculation of the final control law u1

This step makes it possible to determine the control law u1 of the global system

Using Eq. (21), the temporal derivatives given by:

_e2 ¼ _x2 � _x
ref
2

_e2 ¼ �
Rs

Lq
x2 � p

Ld
Lq

x1 x3 � p
1

Lq
ϕf x1 þ

1

Lq
vdcu1 � _x

ref
2 (22)

In order to ensure the convergence of the tracking error to zero, also requires that the current

be regulated and limited, we use the extension of the following Lyapunov function:

V2 ¼ V1 þ
1

2
e22 (23)

Its temporal derivative is given by the following equation:

_V 2 ¼
_V 1 þ e2 _e2 (24)

Finally, in order to make _V 2 negative, the voltage control input of the q-axis can be found by

choosing _V 2 by the following equation:

_V 2 ¼ �k2e
2
2 (25)

Where k2 0 is a design constant.

We deduce the law of final control:

u1 ¼
Lq

vdc

�k2e2 �
p

j
Ld � Lq
� �

x3 þ ϕf

� �

e1þ

Rs

Lq
x2 þ p

Ld
Lq

x1 x3 � p
1

Lq
ϕf x1 þ _x

ref
2

2

6

6

4

3

7

7

5

(26)

3.1.3. Step 3: calculating the control law u2

This stage interests us to stabilize the subsystem (11) which aims to force the current id is equal

to 0.

The current tracking error:

e3 ¼ x3 � x
ref
3 (27)

Its temporal derivative is given by the following equation:
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_e3 ¼ �
Rs

Ld
x3 þ p

Ld
Lq

x1x2 þ
1

Ld
vdcu2 � _x

ref
3 (28)

The third function of Lyapunov is selected so that:

V3 ¼
1

2
e23 (29)

So that the derivative of the criterion is always negative, the derivative of V1 must take the

form _V 3 ¼ �k3e
2
3 introduced by the backstepping method,

_V 3 ¼ e3 �
Rs

Ld
x3 þ p

Ld
Lq

x1x2 þ
1

Ld
vdcu2 � _x

ref
3

� �

¼ �k3e
2
3 (30)

Using (28)–(30), the control law is given by:

u2 ¼
Ld
vdc

Rs

Ld
x3 � p

Ld
Lq

x1x2 þ _x
ref
3 � k3e3

� 	

(31)

3.2. DC/AC inverter-grid control design

Our goal is to inject active energy into the network while maintaining a very good power

factor (PFC). This means that the three-phase system absorbed by the converter should be

sinusoidal and in phase with the supply mains voltage [18]. We are therefore looking for a

regulator that forces the current to follow a reference signal of the form. For the moment, the

quantity is any real positive. The controller will now be designed by applying the

backstepping control technique to the system of Eqs. (12)–(14); The synthesis ends in three

stages since the relative degree of the system is equal to three when the output considered is

the current.

3.2.1. Step 4: stabilization of subsystem (12)

Let us introduce the following error on the current:

e4 ¼ L2 x4 � x
ref
4

� �

(32)

With x
ref
4 ¼ i2ref the reference of the signal

Given the Eq. (12) of the whole model, the dynamics of the error can be written as follows:

_e4 ¼ �r2x4 þ x5 � vr � L2 _x
ref
4 (33)

Suppose that x5 is the virtual control input used to ensure the overall asymptotic stability of

the current loop, taking Lyapunov’s candidate function as:
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V4 ¼
1

2
e24 (34)

The derivative of this equation gives:

_V 4 ¼ e4 _e4 (35)

A judicious choice of x5 and rendering V4 negative definitive and providing stability for the

dynamics of e4 is x5 = x
ref
5 such that:

V4 ¼ �k4e
2
4 (36)

By following the backstepping method and to ensure a continuous stability voltage, the virtual

control x5is given by the following equation:

x5 ¼ r2x4 þ vr þ L2 _x
ref
4 � k4e4 (37)

Since x5is not the actual control input, we define a second tracking error between the stabiliza-

tion function x
ref
5 and the virtual control input x5.

e5 ¼ C x5 � x
ref
5

� �

(38)

3.2.2. Step 5: stabilization of subsystem (13)

The temporal derivative of e5 is given by:

_e5 ¼ x6 � x4 � C _x
ref
5 (39)

The virtual input x
ref
5 is used to ensure the stability of the voltage loop. Then, considering the

candidate for the Lyapunov function:

V5 ¼ V4 þ
1

2
e25 (40)

We obtain the derivative of (40)

_V 5 ¼ �k4e
2
4 þ e4

e4
C
þ _e5

� �

(41)

It can easily be verified that the time derivative _V5 is a negative defined function if the control

input is chosen such that:

x6 ¼ x4 þ k4e4 þ e5 k5e5 þ
1

C
e4

� �

(42)

where k5 > 0 is a positive synthetic constant. Indeed, this choice would imply that e5 ¼ �k5e5
what clearly establishes the exponential stability of the system (13)
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Since x6is not the actual control inputs, we define a third tracking error between the stabiliza-

tion functions and the virtual control input the x6.

e6 ¼ L1 x6 � x
ref
6

� �

(43)

3.2.3. Step 6: stabilization of subsystem (14)

The third design step consists in choosing the actual control signal u, so that all errors (e4, e5, e6)

converge to zero. To this end, we should ensure that these errors depend on the actual control

signal. We begin to focus on; It follows from (43) that:

_e6 ¼ �r1x6 � x5 þ
1

vdc
u� L1 _x

ref
6 (44)

To analyze the error system, composed of Eqs. (43), (44), consider the candidate of the aug-

mented Lyapunov function:

V6 ¼ V5 þ
1

2
e26 (45)

The derivative is given by:

_V 5 ¼ �k5e
2
5 þ e5

e5
C
þ _e6

� �

(46)

Using (44)–(46), the control law of the system is given by:

u ¼
1

vdc
r1x1 þ x5 þ L1 _x

ref
6 �

1

L1
e5 � k6e6

� �

(47)

4. Simulation results and discussion

Simulation of the wind energy conversion (WEC) system the global control system described

by Figure 3 is simulated using the Matlab/Simulink (V. R2015a), operating under Windows 8.

The controlled part is a wind system including the synchronous generator and the associated

AC DC/AC power converters via LCL filter with the numerical values (Figures 4 and 5):

PMSG: Rs ¼ O:425 Ω, Ld ¼ Lq ¼ O:0084 H, φf ¼ O:433 Wb, j ¼ O:02 Kg:m:m, p¼ 4

Network and filter: vg ¼ 220V, 50 Hz, L1 ¼ L2 ¼ 5e�3H, r1 ¼ r2 ¼ 50e�3Ω

Controller parameters:

Speed and id regulator: k1 ¼ 2e�2, k2 ¼ 7:2e�3, k3 ¼ 2e�2

PFC regulator: k4 ¼ 3e�4, k5 ¼ 8e�3, k6 ¼ 3e�2

Vdc regulator: kp ¼ 18e�4, ki ¼ 9e�5
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The speed rotation ω of the generator does not change much value, it remains practically equal

to the reference valueΩrefwas shown by the appearance of the error between these two signals

which is zero, the current path isd takes the value 0 set at the start, and also notice clearly in the

transitional regime the speed of the system with the regulator

Figure 4. Figure of the rotor speed for a reference 100 (rad/s).

Figure 3. Block diagram of control system including the synchronous generator associated AC/DC/AC power converters.
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The rate of the current isq tends to a constant value and has the same shape as that of the

torque; We deduce that the electromagnetic torque is directly proportional to the current isq

shown in Figures 6 and 7 respectively.

Figures 8 and 9 respectively show the current i2 injected in the network and its reference

obtained from the DC bus controller and the error between these two signals

Figures 10 and 11, respectively, show the shape of the DC bus voltage vdc for a reference vdcref

(400 V) and the current i2 inject into the network with the supply voltage.

For this second simulation part, a random wind profile was applied in order to test the degree

of continuity and efficiency of the control used in this chapter.

The above figures show the results of the command by Backstepping applied to the GSAP. The

objective is to control the operation of the closed loop system by varying the first reference

rotational speed of 0 rad/s at 80 rad/s and then at a final value equal to the nominal speed:

157 rad/s. Figures 12–15, show the simulation results obtained using the nominal parameters

Figure 5. Figure of current isd for a reference 0.

Figure 6. The current along the axis q.
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of the generator. These figures describe the good system performance in a closed loop in terms

of trajectory tracking and disturbance rejection on multiple speeds: low and high speed. In

addition, the current d-axis of good follows its reference. Figures 16, 17, show that the output

current in phase with the power supply voltage and the DC link is stable at a constant value

which is check the control objectives.

Figure 8. Flow of i2 injected into the grid.

Figure 9. Error behavior between current i2 and its reference.

Figure 7. The electromagnetic force Te.
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Figure 10. DC bus voltage regulation.

Figure 11. Current i2 and vg:

.

Figure 12. Figure of the rotor speed for a various reference.
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Figure 13. Error behavior between rotor speed and its reference.

Figure 14. Current id and its reference.

Figure 15. Error behavior between current id and its reference.
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Figure 16. Current i2 injected into the grid.

Figure 17. Current i2 and vg .

Figure 18. Active and reactive power.

State Feedback Nonlinear Control Strategy for Wind Turbine System Driven by Permanent Magnet Synchronous…
http://dx.doi.org/10.5772/intechopen.72366

91



The active and inverted power injected into the grid are presented at the Figure 18, the reactive

power tends toward its reference value Qref ¼ 0, for the active power it is observed that the

variation in the speed of the machine influences the variation in power, When the speed of the

generator very large the value of the active power becomes greater

4.1. Interpretation of results

From the simulation results obtained, it can be noted from the first view that the regulator

based on the backstepping approach has practically slightly better performances than those

of the conventional regulator, especially in dynamic conditions, Where it can be observed in

all the figures presented in the simulations that the response time for is very short for the

signals to restore to the maximum values, so this fast correction either of the velocity or the

currents or voltages translates the continuation of our system And assured the performance

of our regulator

In the injection part, the power to the network it is observed that our regulator respects the

characteristics of our grid that it is the frequency or the phase on the one hand, and on the

other hand the power injected to the network one notes that the power Reactive voltage tends

to zero and the active power reacted with the variation of the speed of the generator when the

speed reaches the maximum power is totally transmitted to the network.

5. Conclusion

In this chapter, the nonlinear control of the wind conversion chain based on a synchronous

generator with permanent magnet controlled by the electronic converters with MLI control

was presented. This electrical combination enabled us to execute the control strategy designed

to this wind system studied which was the extraction of the maximum power called “MPPT”,

also the injection of the current to the network with a good power factor at the “Using a speed

control controlled by a backstepping approach. The simulation results obtained in this chapter

clearly show an acceptable degree of efficiency of the chosen regulation which causes the

system to return to its optimum point after a variation of the wind speed.
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