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Introduction. Nowadays, many researches are being done on wind turbines providing electrical energy to a stable power grid by via a 
doubly fed induction generator (DFIG), but the studies on the autonomous networks are rare, due the difficulty of controlling powers often 
close to the nominal power of the generator. Goal. This paper presents a variable speed constant frequency (VSCF) autonomous control 
system to supply isolated loads (linear or non-linear). The main objective is the design of an effective strategy to reduce harmonic currents 
induced via the non-linear loads such as rectifier bridge with 6 diodes. The novelty of the work consists in study of system composed of a 
DFIG providing energy by his stator to a stand-alone grid. It uses a static converter connected to the rotor allowing operation in hypo and 
hyper synchronism. A permanent magnet synchronous machine (PMSM) connected to a wind turbine supplies this converter, that is sized 
proportionately to the variation range of the necessary rotational speed. In the case of linear loads there is no problem, all desired 
parameters are well controlled but in the non-linear loads case such as rectifier bridge with 6 diodes there is the harmonic problem. For this 
purpose, to reduce this harmonic, the proposed solution is the installation of a LC filter. Methods. The DFIG is controlled to provide a 
constant voltage in amplitude and frequency independently of the grid load or the drive turbine speed. This command is vector control in a 
reference related to the stator field. The stator flux is aligned along the d axis of this landmark allowing thus the decoupling of the active and 
reactive stator powers of DFIG. The DFIG is controlled by an internal control loop of rotor flux and an external control loop of output 
stator voltage. We present also the control of the PMSM and the DC bus of the converter. The PMSM is controlled by an internal control 
loop of the current and an external control loop of the continuous bus of the converter according to its nominal value. The control system of 
wind generator based on the maximum power point tracking and the control of bus continuous at output rectifier knowing that the non-linear 
loads introduce high harmonic currents and disrupt the proper functioning of the system. The installation of a LC filter between the stator 
and the network to be supplied reduce harmonics. Results. Simulation results carried out on MATLAB/Simulink show that this filter allows 
obtaining a quasi-sinusoidal network voltage and it also has the advantage of a simple structure, a good efficiency and a great performance. 
This proves the feasibility and efficiency of the proposed system for different loads (linear or non-linear). Practical value. This proposed 
system is very performing and useful compared to others because it ensures the permanent production of electricity at VSCF to feed isolated 
sites, whatever the load supplied (linear or non-linear), without polluting the environment so that the use of wind energy is very important to 
reduce the greenhouse effect. References 34, figures 9. 
Key words: doubly fed induction generator, wind power, variable speed, autonomous operation, permanent magnet 
synchronous machine. 
 

Вступ. В даний час проводиться багато досліджень вітряних турбін, що забезпечують електроенергією стабільну 
електромережу через асинхронний генератор з подвійним живленням (DFIG), але дослідження автономних мереж рідкісні через 
складність управління потужностями, часто близькими до номінальної потужності генератора. Мета. У статті 
представлена автономна система управління змінною швидкістю та постійною частотою (VSCF) для живлення ізольованих 
навантажень (лінійних чи нелінійних). Основною метою є розробка ефективної стратегії зниження гармонійних струмів, 
наведених через нелінійні навантаження, такі як випрямний міст із шістьма діодами. Новизна роботи полягає у вивченні 
системи, що складається з DFIG, що забезпечує енергією його статор в автономну мережу. Він використовує статичний 
перетворювач, підключений до ротора, що дозволяє працювати в гіпо-і гіперсинхронізмі. Синхронна машина з постійними 
магнітами (PMSM), підключена до вітряної турбіни, живить цей перетворювач, який має розмір, пропорційний діапазону зміни 
необхідної швидкості обертання. У разі лінійних навантажень проблем немає, всі бажані параметри добре контролюються, але 
у разі нелінійних навантажень, таких як випрямний міст із шістьма діодами, виникає проблема гармонік. Для цієї мети, щоб 
зменшити цю гармоніку, запропонованим рішенням є встановлення LC-фільтру. Методи. DFIG управляється для забезпечення 
постійної напруги за амплітудою та частотою незалежно від навантаження мережі або швидкості приводної турбіни. Ця 
команда є векторним управлінням в опорному сигналі, пов'язаному з полем статора. Потік статора вирівняний вздовж осі d 
цього орієнтиру, що дозволяє таким чином розв'язати активну та реактивну потужності статора DFIG. DFIG управляється 
внутрішнім контуром управління потоком ротора та зовнішнім контуром управління вихідною напругою статора. 
Представлено також управління PMSM та DC шиною перетворювача. PMSM управляється внутрішнім контуром керування 
струмом та зовнішнім контуром керування безперервною шиною перетворювача відповідно до його номінального значення. 
Система керування вітрогенератором базується на відстеженні точки максимальної потужності та безперервному керуванні 
шиною на вихідному випрямлячі, враховуючи, що нелінійні навантаження вводять струми високих гармонік та порушують 
належне функціонування системи. Встановлення LC-фільтра між статором і мережею живлення зменшує гармоніки. 
Результати моделювання, проведені в MATLAB/Simulink, показують, що цей фільтр дозволяє отримати квазісинусоїдальну 
напругу мережі, а також має перевагу щодо простоти  структури, хорошої ефективності та значної продуктивності. Це 
доводить доцільність та ефективність запропонованої системи для різних навантажень (лінійних чи нелінійних). Практична 
значимість. Запропонована система дуже продуктивна і корисна в порівнянні з іншими, оскільки вона забезпечує постійне 
виробництво електроенергії на VSCF для живлення ізольованих ділянок, незалежно від навантаження, що подається (лінійне або 
нелінійне), не забруднюючи навколишнє середовище, тому що використовує енергію вітру, що є важливим для зниження 
парникового ефекту. Бібл. 34, рис. 9. 
Ключові слова: асинхронний генератор з подвійним живленням, вітроенергетика, змінна швидкість, автономна 
робота, синхронна машина з постійними магнітами. 
 

Introduction. Electrical energy and electrical power 
systems frameworks play essential roles in the economic 
development of a country [1, 2].Sustainable development 
and renewable energies arouse the interest of several 
research teams. The use of wind energy and renewable 

sources is essential to reduce the greenhouse effect [3]. 
Thus, the development of wind turbines represents a great 
investment in technological research [4]. These systems 
which produce electrical energy from the wind can 
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constitute a technological and economical alternative to the 
various exhaustible energy sources [5–7]. Wind turbines 
are believed to be a potential source of electrical energy in 
the near future [8, 9]. Wind turbines undergo both cycles, 
i.e. coercion and change in wind behavior [8–10]. 

A large part of the wind turbines use the 
asynchronous machines with double power. The 
utilization the doubly fed induction generator (DFIG) as a 
generation unit in the wind generation structures has been 
granted great concern during the past and present decades 
[11–14]. The superiority of the DFIG over other 
generation units comes from its ability to handle higher 
power ratings compared with the other units. Due to the 
physical construction of the DFIG, it has the ability to be 
controlled from both the grid and rotor sides [15]. The 
possibility of performing the control from the rotor side 
has enabled the utilization of low power inverters, which 
resulted in saving the cost [16, 17]. This generator allows 
the production of electricity at variable speed [18–23]. It 
gives the opportunity, then, to better control wind 
resources for different wind conditions [21–23]. 

Nowadays, many researches are being done on wind 
turbines providing electrical energy to a stable power grid 
by via a DFIG, but the studies on the autonomous 
networks are rare, due the difficulty of controlling powers 
often close to the nominal power of the generator. 

The following work shows firstly, the control 
strategy of a DFIG, providing energy by the stator to an 
autonomous grid. It uses a static converter connected to 
the rotor allowing operation in hypo and hyper 
synchronism. A permanent magnet synchronous machine 
(PMSM) connected to a wind turbine feeds this converter 
(Fig. 1), that is sized proportionately to the variation 
range of the necessary rotational speed [24]. 

 

 

 
Fig 1. Global schema of the proposed system 

 

The DFIG is controlled to provide a constant voltage 
in amplitude and frequency independently of the grid load 
or the drive turbine speed. This command is vector 
control in a reference related to the stator field. The stator 
flux is aligned along the d axis of this landmark allowing 
thus the decoupling of the active and reactive stator 
powers of DFIG [25–27]. 

The control strategy is carried out in two loops: an 
internal control loop of the rotor flux and an external 
control loop of the stator voltage. We have also; the 
PMSM is controlled by an internal control loop of the 
current and an external control loop of the continuous bus 
of the converter according to its nominal value [28].  

The aim of this work is the improve the performance 
of this proposed system to feed isolated sites at variable 

speed constant frequency (VSCF), whatever the load 
desired to supply it, especially the non-linear loads. In the 
case of linear loads there is no problem, all desired 
parameters are well controlled but in the non-linear loads 
case such as the rectifier bridge with 6 diodes there is the 
harmonic problem. 

These loads introduce high harmonic currents and 
disrupt the proper functioning of the system. The solution 
proposed to reduce harmonics is the installation of an LC 
filter between the stator and the network to be supplied. 
This filter allows obtaining a quasi-sinusoidal network 
voltage and it also has the advantage of a simple structure, 
a good efficiency and a great performance. 

The control system of wind generator is based on the 
maximum power point tracking (MPPT) and the control 
of bus continuous at output rectifier. A power 
maximization algorithm determines the speed of the 
turbine that achieves maximum power generated, by 
estimating the speed of the wind corresponding to the 
optimal advance factor [29–31]. 

DFIG model. The equations of DFIG in d-q axis are [32]: 
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where Vs, Vr, Rs, Rr, is, ir, s, r, Ls, Lr are the voltages, 
resistances, currents, fluxes and inductances of the stator 
and rotor, respectively; M is the mutual inductance; s is 
the synchronous speed; r is the rotor speed. 

The reference related to the stator field is chosen. 
The stator flux is aligned with the axis d of this reference 
which corresponds to the following equations: 
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d
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t
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In order to present the principles of this command, 
we neglect the resistances of stator and assume that the 
permanent state is reached. The voltage is therefore fixe 
in amplitude and frequency, we obtain the follow relation: 
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From (5), (6), (9), σ is the DFIG scattering coefficient, 
the constraint (11) corresponds to the good orientation of 
the landmark chosen: 
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From (8), (10), (11), the new expression of active 
and reactive power became: 
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Equation (12) shows the decoupling of the powers 
active via rq and reactive via rd when the permanent 
state is reached. 

In generator mode, DFIG is represented by the state 
system with time varying following: 
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where [Vr], [Vs], [r] are respectively the input, output 
and system status vectors. The vector [Is] depends on the 
load, it is considered as perturbation. 

In the case of a DFIG operating as a generator, the 
difficulty comes from the derivative terms of the perturbation 
(14), which are difficult to simulate. There is also a direct 
link between the input and the output of the system. 

The originality of this new method of control come of 
the choice of the rotor flux vector as a control vector, 
indeed the equation (13) shows that the rotor flux is the 
natural state vector of DFIG and it allows also a direct 
control on the voltage of the rotor. Compared to the 
regulation in the current, this method allows a minimization 
of harmonics introduced by non- linear loads. 

Internal control loop of the rotor flux. From (13), 
we can deduct the following system, where Ed and Eq are 
coupling terms: 
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where Tr = Lr / Rr is the DFIG rotor time constant: 














.

;

rdrsq
r

q

rqrsd
r

d

i
T

M
E

i
T

M
E




                   (17) 

The transfer functions between the flux and tensions 
of the rotor depend only to the rotor time constant Tr. The 

regulation can be realized with simple PI correctors. It’s 
also, the coupling terms can be compensated as shown in 
the block diagram (Fig. 2). 

 

 

 
Fig. 2. Global block diagram of the control of the proposed wind 

power system 
 

External control loop of the stator voltage. We 
have already seen that the constraint (11) correspond to 
the correct orientation of the reference chosen. The 
amplitude of the stator voltage is given by: 

22
sqsds VVV  .                            (18) 

This latter is controlled by an external loop (Fig. 2), 
because (14) shows that when the DFIG works as a 
generator on an autonomous grid, the stator voltage is the 
output vector of the system. The equations (10), (14) and 
(18) allow obtaining the following system, where Ad and Aq 
are terms of perturbation that we can compensate. The 
transfer functions between the stator voltages and the rotor 
flux are of simple gains, integrators will allow of cancel the 
static error between the measured and desired tension: 
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Cascade rotor side. Figure 2 presents the system 
seen the rotor side of the DFIG. This configuration using 
a converter is very frequent for high power applications 
and the limited speed variation range. This method 
permits operation below and above at the synchronous 
speed. These are the limits of this speed variation range 
that secure the power of converter. Figure 2 also presents 
the control of the PMSM. The objective of this control is 
to keep the continuous bus voltage constant independently 
to the rotor power. This control will be realized by two 
control loops: internal control loop of the stator current of 
the PMSM and an external control loop of the continuous 
bus voltage to its nominal value. 
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Model of PMSM. The model of PMSM is given by 
the system (21) using Park method in a reference frame 
linked to its rotating field: 
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where Emd, Emq are the coupling terms; Rms is the stator 
resistance; Ld, Lq are the direct and quadrature 
inductances; Vd, Vq, Id, Iq are the components d-q stator 
voltages and currents; a is the flux of the permanent 
magnet; ω=pΩ is the voltage pulsation; Ω is the speed of 
rotation; p is the number of pairs of poles. 

The voltages being input variables, we can express 
the output variables (current) as follows: 

 

 













.
1

d

d

;
1

d

d

addqmsq
d

q

qqdmsd
d

d

ILIRV
Lt

I

ILIRV
Lt

I





       (23) 

Knowing that in our case Ld = Lq = L. 
Control of wind generator. The block control of 

wind generator diagram is shown in Fig. 2. The control 
system based on two functions: MPPT and the control of 
bus continuous at output rectifier. 

Power maximization strategy. The equations of 
electric and mechanical powers of the system in 
permanent regime allow to new the formulation of the 
new objective. However, the function of mechanical 
power, a simpler form is used. To reduce the degrees of 
freedom of the system, wind speed, only uncontrollable 
variable of the system, is out of the mathematical 
formulation by the use of an optimal form [33, 34]. 

The equation of the wind power Pw corresponding to 
a wind speed Vv is given as: 
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where Cp is the power coefficient; λ is the tip-speed ratio; 
 is the air density; S is the blade surface. 

If the tip-speed ratio λ is maintained at its optimal 
λopt value, the power coefficient is always at its maximum 
value Cpmax = Cp(λopt). 

Therefore, the power of wind is also at its maximum 
value: 
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On the other hand, if the equation of assumed tip-speed 
ratio maintained at the optimal value, we isolate the wind 
speed (26) for replacing in the equation of the maximum 
mechanical power (25), we obtain the (27): 
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We obtain an analytical form of the maximum 
mechanical power of the wind turbine depending to its 
speed of rotation Ω only. Considering that the conditions 
are optimal (at optimum power) then the (27) allows the 
calculation of the value of the optimum torque: 

2
3

max2

1 


 



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




optp
opt
w

R
SCT .               (28) 

Regulation of the stator current of the PMSM. 
The transfer functions between the voltages and currents 
of the PMSM are first order and are regulated by PI 
correctors as shown in the block diagram on Fig. 3. The 
transfer function of the machine being of the form: 

)()(

)(
)(

sEsV

sI
sH

mdqdq

dq


 ;                 (29) 
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1

1

)(

1
)( .         (30) 

 

 

 
Fig. 3. Regulation loop of current of the PMSM 

 
In permanent regime and neglecting the stator 

resistance, the equations (21), (22) give the following system: 











addq

qqd

ILV

ILV



 ;
.                     (31) 

Furthermore, neglecting the losses introduced by the 
converter, we can write: 

dcdcqqdddc IVIVIVP  ,              (32) 

where Pdc is the active power; Vdc is the continuous bus 
voltage; Idc is the output current of the rectifier. 

With the help of (31), (32) we obtain: 

adcq PI  ,                            (33) 

aqdcd LPV  .                           (34) 

The relations (33), (34) show that the components of 
the direct voltage and the quadrature current depend to the 
desired rotor power. A conventional method controlling of 
the motor starting asynchronous power (MSAP) seeking to 
obtain maximum power for a minimum of current. 
However if Idref=0 the stator voltage is given by (35). This 
voltage is acceptable as long as it is below the limit voltage 
Vlim fixed by the continuous bus voltage (36): 

 2
2

a
a

qPL
V 







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


 ;                 (35) 

limVV  .                              (36) 

Control loop of the continuous voltage Vdc 
According to (32), (33) the equation of the power is: 
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dc
a

dc
qdcdcqadc I

V
IIVIP


  .      (37) 

Figure 3 allows us to write: 

Lcdc III  .                            (38) 

Supposing that the losses are null 

Ldc
dc II
t

V
C 

d

d
.                        (39) 

The block diagram of this loop is shown in Fig. 4. 
The regulation is done with PI correctors after setting the 
damping factor and the natural frequency desired. 

 

 

 
Fig. 4. Regulation of the continuous bus voltage 

 
Simulation results. Linear load case. The proposed 

system has been tested in MATLAB / Simulink using the 
electrical parameters of the DFIG and PMSM, the 
reference voltage at the rectifier output being taken equal to 
150 V, it is assumed that this DFIG and MSAP are driven 
by a wind turbine, wind speed is variable in time to feed a 
load RL. Load whose power consumption is expected to 
vary according to the following time table: 0 kVA at time 
t = 0 s, 12 kVA at t = 0.5 s and 9 kVA at time t = 2 s with 
0.8 power factor. The obtained simulation results (Fig. 5) 
prove the feasibility of the proposed system for the 
maximum load variable power in the time. The values 
also show that the stator voltage Vs and the continuous 
voltage Vdc are entirely controlled during the variation of 
the load and wind speed. This therefore proves the 
feasibility of the system in hypo and hyper synchronism. 
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Fig. 5. Simulation results of the proposed system for linear load 
 

Non-linear load case. After having studied the 
functioning of the DFIG on linear load, we will study the 
performance of the latter on a non-linear load made up of 
a converter (rectifier bridges with 6 diodes) which 
supplies an inductive load (see Fig. 6): 

 RLUI sdd  .                            (40) 

 

 

 
 

Fig. 6. Structure of a 6-pulse diode rectifier 
 

The rectified voltage is obtained by: 

minmax jsjsd VVU  .                 (41) 

Inserting a 6-diode rectifier bridge into the system 
does not change the test procedure; the only difference is 
the introduction of non-linear loads instead of linear RL 
loads. Indeed, this type of converter induces a large 
number of current harmonics: 











 ,;16

;;3

2
sfshIs

sfshdsf

IITHDnh

hIIII 
          (42) 

where Isf is the amplitude of the fundamental current; Ish is 
the harmonic current of order h; Id is the continue current 
flowing through the load; THDIs is the total harmonic 
distortion of the load current. 

The simulation results clearly show the deterioration 
of the stator voltage due to the induced harmonic currents 
caused by the load currents. The more the load increases the 
load current becomes more and more distorting. The active 
and reactive powers are also deteriorated by this non-linear 
load due to the harmonics induced by the 6-diode rectifier 
bridge. These harmonics increase the losses in the DFIG and 
promote excessive heating of the latter. The simulation 
results are shown in Fig. 7. 
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Fig. 7. Simulation results of the proposed system for non-linear load 
 

Filtering characteristics. LC filter is placed on the 
stator side of the DFIG to eliminate voltage harmonics 
from the on-board network. The single-phase equivalent 
model of the filter is given in Fig. 8. 

 

 

 
Fig 8. Single-phase equivalent diagram of the LC filter 

 
This filter can be represented by the following 

equation of state: 
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where L, r are the filter inductance and its internal 
resistance; C is the filter capacitance; Vs, Is, Ig, Vg are 
respectively the stator voltage and current of the DFIG, 
and the current and voltage of the non-linear load. Vs can 
be considered as the filter input variable, Ig – the 
disturbance variable and Vg – the filter output variable. 
From (43), we can write 4 transfer functions to describe 
the operation of the filter: 
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where LC10   is the resonance frequency; m is the 

damping coefficient. 
This presentation shows that the load current 

harmonics due to the 6-diode rectifier bridge deteriorate 
the stator current as well as the load voltage vector. The 
filter parameters must therefore be chosen so as to reduce 
the harmonic distortion rate of the mains voltage to a 
value less than 5 %. We can derive from (44) the transfer 
function between Ig(s) and Vg(s): 
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.                    (45) 

Design procedure. The filter inductance is typically 
sized equal to a fraction of the rated motor impedance, so 
voltage drop is reduced across the filter inductance. In this 
case, we will choose:  

L = 0.7Ls.                                (46) 
The resistance in this case corresponds to the 

internal resistance of the inductance and thus is 
proportional to the internal Joule losses of the inductance. 
This resistance creates losses at the level of the filter. In 
this case, the Joule losses are defined to be less than 1 % 
of the total power, so the maximum acceptable internal 
resistance rmax can be calculated as: 

2max
3

01.0

noms

noms

I

P
r



 .                        (47) 

The attenuation provided by the filter depends on the 
damping coefficient m. The cutoff frequency should be 
low enough to give the desired attenuation and the 
damping coefficient large enough to increase that 
attenuation. On the other hand, (44) shows that a low 
cutoff frequency may result in large components value 
and size. In addition, a very large damping coefficient 
would result in an internal resistance value more 
important than rmax. It is therefore necessary to find a 
compromise between the dimensions of the filter and the 
desired THD. 

From the components of the harmonic current 
described by (42), the amplitude-frequency characteristics 
given by (45) and knowing that the amplitude of the 
voltage of the fundamental is 400 V, we can calculate the 
relationship between the filter cutoff frequency and the 
THD of the mains voltage after filtering. 

Finally, knowing w0 and L, we can deduce the 
capacity of the filter:  

2
01 LC  .                               (48) 

The introduction of an LC filter with a cutoff 
frequency of 816.5 rad/s with a damping coefficient 
m=0.734 to reduce current harmonics is simulated in the 
same way as before. 

The simulation results (Fig. 9) show that the load 
voltage is almost sinusoidal for a non-linear load. 
Compared to the signal obtained without a filter, the 
oscillations on the active and reactive power are greatly 
reduced by the introduction of the filter. These 
simulations carried out on MATLAB/Simlink prove the 
efficiency of the proposed system in the event of non-
linear loads. 
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Fig 9. Simulation results of the proposed system for non-linear 
load after the introduction of LC filter 

 
Conclusions. 
This paper has enabled us to study an autonomous 

electrical generation system working at variable speed 
and fixed frequency to supply isolated loads. The 
principles of vector control of DFIG and PMSM have 
been presented. The simulation results carried out on 
MATLAB/Simulink show that this method makes it 
possible to obtain a voltage at fixed frequency and 
amplitude under a wide range of variation of the turbine 
drive speed. The addition of non-linear loads, such as 
diode rectifier bridges, introduces harmonics which 
deteriorate the voltages of the network. The introduction 
of an LC filter on the stator side of the DFIG allows these 
harmonics to be reduced to an acceptable level. This 
proves the efficiency of the proposed system for different 
loads (linear and non-linear loads). 
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