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Abstract

In this work, performances static and dynamic improvement of wind energy conversion system
connected to the grid is presented. The system is based on a double-fed induction generator
(DFIG) connected to the variable wind speed. After analyzing the mechanical part of the wind
turbine and seeing the simplified mathematical model of the DFIG, a vector control is
necessary to decouple the active and reactive powers in order to properly control the stator
powers to allow proper operation of the wind turbine. In this paper, we present a simulation
study of an indirect power control algorithm of wind conversion system connected to the grid,
using PI controller via maximum power point tracking (MPPT) strategy. The performance of
the system control was analyzed and compared in terms of robustness under parameter
variation.
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1 Introduction

Following the strong growth in electricity consumption, energy will always remain an energy
that humanity will no longer be able to do without. Fossil fuels have long been used in the
production of electrical energy; these fossil fuels cause harmful damage to the environment
[1]. To meet the high demand for energy while preserving the environment, the majority of
countries have opted for the use of renewable energies. These energies are inexhaustible,
clean and do not create greenhouse gases unlike fossil fuels [2, 3]. Wind energy is the fastest
growing renewable energy in the world. It is almost universally recognized as the most
promising energy source for producing clean electricity in the short to medium term. In
addition, it contributes to the preservation of the environment [4]. However, the problem is
that this resource is characterized by a variable wind speed [5]. For this reason, we have opted
for a double fed induction generator (DFIG), this machine makes it possible to extract
maximum power from a given wind speed by optimizing the specific speed, and minimizing
the mechanical stresses on the turbine during gusts of wind. As well as other benefits such as;
reduce the dimensioning of converters and improve the quality of the energy produced. On the
other hand, the control of this machine remains the most important and the most complex
phase [6]. Thus, we will begin our study with the modeling of the wind turbine then, the
modeling of the DFIG, and the power control, which is done by vector control. Finally, the
results of the simulations will be presented in the Matlab/simulink in order to deduce the
effectiveness of control system. See Figure 1.
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Figure 1 Structure of wind power conversion system.

2 Method and materials

2.1  Wind turbine modeling

The wind turbine allows the transformation of kinetic energy into mechanical energy and then
into electrical energy through a generator. Wind power depends on the surface to be swept
(S), wind speed (v) and air density (p). Based on the fluid mechanics equations we have the
following equation [7-9].

The aerodynamic power P, captured by the wind turbine is given by:

1
Pryr =5 Cp(4,B). p-S. v3
1)
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Where:

p . is the air density (1.22 kg/m®) ;

S: is wind turbine blades swept area in the wind (m?)
R : is the turbine radius (m) ;

v . is wind speed(m/s) ;

B - blade pitch angle (°)

A is the tip-speed ratio defined by:

/1 — Qpyr-R
v
(@)
C,: is the power coefficient of wind is treated in bibliographies for a wind of 1.5MW by:
—-21
C(L,B) =05 [(% —0.48 —5) e +0.00681
©)
With:
1_ 1 0035
A A+0.088  B3+1
(4)

Expression of the aerodynamic torque is given by [10, 11]:
Pur
Towr = L = %p.R3. Cp(/L,B)

Qtur

()

The multiplier is the connection between the turbine and the generator modeled by [12, 13]:
T ur

Tmec = tG

(6)

Qmec = 6. Qpyyr

(")

Where:

Tomec - 1S mechanical torque,

Qiur» Qmec - are the turbine and generator speed, and
G is the multiplier ratio.

The equation of system dynamics can be written as :

dQ
]% + £ Qmec = Tmec — Tem

(8)

Where:

f :is the viscous friction coefficient,

T.,, . is the electromagnetic torque of the generator.
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Figure 2 present schema bloc of wind turbine without speed control

Js+f

Figure 2 Bloc diagram of wind turbine
2.2 Modeling of DFIG
The DFIG model is no more different than the model of the induction machine with squirrel
cage but the DFIG is not short-circuited. To control a dynamic system, the stator of the
machine is directly connected to the power grid, but the rotor is connected through the power
electronics. The mathematical model of DFIG in the park referential (d-q) is given by the
following equations [14, 15], see figure 3:
The electrical equations of the stator and rotor voltages of the DFIG are written:

d

(Vsa = Rs.Isa + ; Psa — Ws. Psq
d

Veg = R Isq + o Psq = Ws. Psq

d
V‘l’d = RT' I‘l‘d + E(prd — W, (prq

d
(Viq = Ry-lIng + 2 Prg + Wy Brg
)

The stator and rotor flux are expressed by:
Dgg = L. Igg + M. 14
Bgq = Lg. Isg + M. L
@rg=Ly.Log+ M.y
®pg =Ly Lg + M. I,
(10)
Where:
R, R,, Lsand L, : are respectively the resistance and inductance of the stator and the rotor;
M : is the mutual inductance,
Isq, Isq, Ira, Iq represent the d and g components of the stator and rotor currents;
wg IS the stator angular frequency (w,, = wg — pQoec) Wy IS rotor angular frequency and p is
number of pole pairs.
Equation (11) represents the expression of electromagnetic torque:

M
Tem = pL_S(d)sdIrd - (psqlrd)

(11)
The active and reactive powers in the stator and rotor of the DFIG are given respectively:
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I{PS = (Vsd-lsd + Vsq-Isq)
Qs = (Vsq-lsd + Vsq-Isq)
P = (Veg-Tra + Vig-Irq)
Qs = (qu-lrd = Vea-Irq)

(12)
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Figure 3 Block diagram of DFIG
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§

2.3 Field oriented control

The principle of vector control is to orient the flux of the machine in one of the two axes d or
g. In our case and in order to simplify the control of stator power (active or reactive), we use
an orientation on the d axis [16-20]. However: &;, = 0 and &4, = @

The expressions of the electromagnetic torque become:
3 M
Tem = — Ep L_s . CDSd. Irq
(13)
The expression of the stator voltages becomes:
d
{Vsd = Rg. [q + E(psd
Vg = R Isq + Ws. @y
(14)
For medium and high power machines, stator resistances are neglected, therefore the stator
voltage equations become:

d
{Vsd = a(psd
Vsq = Ws. Dgq

(15)

In steady state, it is assumed that the flow is constant, thus:
Vg =0

{Vsq = Ws. Ogq = Vg

(16)

Qg =D =Lg.loyg+ M.,

gy =0 =L Igq + M. I,

A7)

From the (17), we deduce the equations linking between stator and rotor currents:
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Isd % - 24_5 rd
Isg=~1Irq
(18)
The relations of the powers become:
{Ps = Vsq-Isq
Qs = Vsq Lsq
(19)

To express the power relations as a function of the rotor currents, we replace in the previous

equation the currents by the (20):
M

PS:_VS'L_SIW
Vs M V2
==, —V.—. L., = —V.—.1
Qs Ls s s Ls rq Lews s Ls rq

(20)
By replacing flux and stator currents in the (10) by the expression (18) we obtain:

Dpg = (Lr ) Lg + M

M2
rq = (L )Irq

Ls Ws

(21)
In order to control the generator, these expressions are established showing the relationship
between the currents and the rotor voltages that will be applied to it.

Veg = Ry L L aqu
V L Glrd
(22)
Where:

2
o=(1- M—) is the dispersion coefficient.
LsLy

We have two methods of Field Orientation Control [20-21].

2.3.1 Direct power control

This control method was proposed by Blaschke [22]. In this case, the idea on the regulation
consists in independently and directly controlling the powers Ps and Qs of the DFIG, in which
the decoupling terms will be neglected. The diagram in figure 4 presents the principle of so-
called direct control. If we notice the equation (22) we see that the rotor currents are linked to

the active and reactive powers by the term s =, Similarly, the terms involving the derivatives

S

of the two-phase rotor currents in the system (22) disappear in steady state. So we have :
Lm?
Var = Relgy — gws (Lr - L_s) Ior

Vir = Relgr — g (Ly =) Iy +
qr riqr S r Ls ar g
(23)
Var and Vgr are the two-phase components of the rotor voltages to be imposed on the machine
to obtain the desired rotor currents.

LmVs
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Figure 4 Direct control block diagram

2
The effect of the coupling term gwg (Lr—LLi) is minimal for low slips and can be

compensated by an adequate synthesis of the regulators in the control loop. On the other hand,

the term g% represents an electromotive force whose influence is not negligible. The
N

control system will therefore have to compensate for this disturbance. Thus, we obtain a
simpler model allowing the direct and independent control of the active and reactive powers
by using a single regulator on each axis [23-25].

2.3.2 Indirect power control

This method consists in summarizing the control operation from the inversion of the transfer
function of the system to be regulated, to establish the reference rotor voltages as a function of
the active and reactive powers at the level of the stator [26-30].

2.3.2.1 Open loop control

Open loop control is essentially based on the assumption of a stable network in voltage and
frequency, it consists of slaving not the powers but rather indirectly the rotor currents by no
longer using the powers measured as a return on the comparator but the rotor currents of axis
d and g [31]. From the equations of the stator active and reactive power of the system, we can
conclude the references of the direct and quadrature rotor currents according to the

relationships:

2Lg

Iqr—ref = - 3L Ve Psref

2L
Idr—ref = __Seref +

3Lm Vs

(24)

These currents will be used as references instead of the active and reactive power references,
as shown in figure 5. This development remains reliable as long as the electrical network
remains stable in voltage and frequency. Network instability will therefore create an error in
the monitoring of the active and reactive power set points.

Vs

WsLlm
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DFIG

Figure 5 Block diagram of indirect control in open loop.
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This method consists in summarizing the control operation from the inversion of the transfer
function of the system to be regulated, to establish the reference rotor voltages as a function of
the active and reactive powers at the level of the stator. It is therefore sought to form the
equations of the active and reactive powers on the one hand and of the rotor voltages on the
other hand according to the rotor currents while taking into account the mathematical model

of the generator.
2.3.2.2 Closed loop control

To regulate the powers in an optimal way, we are going to set up two regulation loops on each
axis with a proportional integral regulator for each, one loop on the power and the other on
the corresponding current while compensating for the terms of disturbances and couplings
appearing on the block diagram of the MADA model. We thus obtain the command structure

shown in figure 6 [32-33]:

DFIG

Figure 6 Block diagram of closed loop indirect control

2.3.2.3 PI controller

The use of PI controller is simple and quick to implement while offering acceptable
performance. Figure 7 shows part of the looped system corrected by a Pl controller [34-38].

Pt k; 3L,,v,

kp-{-— I
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r
— =
Ls
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PII.IES

Figure 7 Schema bloc PI controller
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In this perspective, the open loop transfer function integrating the presence of regulators is
[25]:

p+ﬁ 3LmVs
k
— P _20LrLs

kp oLyLg
(25)
] L., 2
With: o=1-=2
LgLy

To eliminate the zero present in the transfer function, we select the pole compensation
formula for the regulator synthesis, which results in the following equality:

ki _ Ryls
kp  oLyLs
(26)

It will be noted here that the advantage of pole compensation is only apparent if the
parameters of the generator are determined with precision because the gains k, and k; are
established as a function of these same parameters. If the actual parameters are different from
those used in the synthesis, the compensation is ineffective. If the poles are perfectly

compensated, the open loop transfer function becomes:
3LmVs

FTBO = —2%ks

(27)
The closed loop transfer function is then expressed by:

1
1+P71,

FTBF =

(28)
With;
1 20LyLs
Tr kp 3LmVs
The termt, here shows the time constant of the system. From now on, we can express the

gains of the correctors according to the parameters of the generator and the response time:
k. = 1 20LyLs

P 1, 3LV
(29)

1 2L,Lg

A T A
(30)
The energy conversion chain adopted for the MADA power supply consists of a single rotor
converter composed of a diode rectifier and an inverter, which are connected to each other via
a low pass filter. On the other hand, the stator is connected directly to the three-phase source.
For inverter control, the triangular-sinusoidal PWM technique is used [25].

2.3.2.4 Model of inverter
the structure of the three-phase two-level inverter is shown in Figure 8.
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Figure 8 Structure of three phase inverter.

Each transistor/diode assembly corresponds to an ideal switch. The state of each switch is
quantified by a connection function (Sij) we define this function of switching as follows:
1 if S;; isclosed
by~ {0 if Si; isopen
Using the principle of the (Fij) connection function of the (S;j) switches, the output voltages of
the inverter are expressed according to the following equations:

1

|{ Vo = 5(2F11 = Fp1 = F31) Vg
1

4 Vo =5 (=F11 + 2F51 — F31)  Vac
1

Ve =5 (=Fi1 = Fo1 + 2F5,) - Vg,

(31)

The voltage across the DC bus capacitor is given by the following relationship:
Ve _ l

Ta cle

(32)

Ic: is the current in the capacitor

The control algorithm of the switches of the first arm of the inverter is illustrated in Figure 9,
In SPWM technique three sine waves and a high frequency triangular carrier wave are used to
generate PWM signal

Yy

v
2
0

[
| I Relayz

e

Figure 9 Generation of inverter PWM control signals

3. Results and discussion

The simulation allowed us to check the reliability of the control. We have chosen a wind profile
which will be applied for the wind turbine. This profile is characterized by a relatively low
value around (10 m/s). The simulation results show that the variation of the electrical power is
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adapted to the variation of the speed of the generator, and the latter is adapted to the variation of
the wind speed. This shows the influence of variations in wind speed on the mechanical speed
and subsequently on the electrical power produced. The parameters of proposed conversion

system are shown in Table 1.

Table 1 System parameters

Parameters, units \ Values
DFIG
Grid frequency fs 50 Hz
Grid voltage Vsrms, 220V
Voltage Virms, 220V
Power Pp 0.5MW
Voltage (line-line) Unms, | 380V
Stator resistance Rs 0.0063 Q
Stator Inductance Ls 0.018H
Rotor resistance Ry, Q 0.0048 Q
Rotor Inductance L 0.0116H
Mutual inductance L 0.0115H
Inertia J 50Kg.m?
number of pole pairs 2
PI Controller
Kp 0.1962
Ki 21.6000
Inverter

Vdc 500V
Switching frequency 5KHz

Figure 10 shows the evolution of the wind for an average value of 10.5ms which will
subsequently be considered as an input quantity of the turbine.

Wind speed (m/!

5 10
Time (s)

15

Figure 10 Wind speed

The simulation of the indirect power control of the DFIG at 0.5 MW, was implemented under
MATLAB/Simulink, imposing the reference of reactive powers at zero, while the DFIG is
controlled at variable speed, According to Figure 11,, the stator power reactive set point will be kept
zero (Qs-ref = OMVAR), this is the objective of the next test.
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Figure 11 Reactive powers and its reference connected to the grid

Figure 12 illustrates the active power injected into the array by the assembly. We set ourselves a
zero instru, We can conclude that, under the proposed control algorithm, the grid power amounts track
their references values with smooth profiles. Also, from these figures, it can be noticed, that only the
active power generated by the proposed system is fully delivered to the AC grid, while the reactive
power is controlled to be zero. Figure 12 illustrates the reactive power injected into the array by the
assembly. We set ourselves a zero instruction to have a unity power factor on the network side.

x 108

1.5

Actives power (W)

o 5 10 15 20
Time (s)

Figure 12 Active powers and its reference connected to the grid

Figures 13 represent the stator voltage connected to the grid.

-311.126983722

-311.12698372202 -

-311.12698372204 -

-311.12698372206

-311.12698372208

-311.1269837221 -

Stotor Voltages (V)

-311.12698372212

-311.12698372214 -

-311.12698372216

(0] 5 10 15 20
Tme (s)

Figure 13 Stator Voltage connected to the grid
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The stator current generated by the DFIG which has a sinusoidal shape (Figure 14 and Figure 15),
which means a good quality of energy supply to the power grid.

Stator currents (A)

Stator currents (A)

-1000 [

-2000 |

-3000 [

4000

isa (A)
A isb (A)| |
3000 isc (A)
2000
1000 [{F.
0
-1000 ()~
-2000
-3000 |
-4000 : : :
0 5 10 15 20
time (s)
Figure 14 Stator currents
isa (A)
3000 F isb (A) | |
isc (A)

2000

1000 [

5105 5.1 5115 512 5.125 513 5.135 5.14

time (s)

Figure 15 Zoom of Stator currents

Figurel6 show the spectra harmonics of a phase of the stator current, it can be seen that both
methods give a result satisfactory and a good THD =0.47%. Whish that explains the improvement

in quality currents injected into the grid by the reduction of harmonics distortion.
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Selected signal: 1000 cycles. FFT window (in red): 1 cycles
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Figure 16 Spectra harmonics of stator current
4. Conclusion

In this paper, wind conversion system based on doubly fed induction generator connected to the
grid has been presented. In order to control the active and reactive power injected to the grid, a
strategy control based on indirect power control using PWM technique with Pl controller have
been explored. The simulation results are satisfactory, have a good performances static and dynamic
and good control proprieties between measured and reference quantities. The results encourage a
further development of this study to obtain clean energy.
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