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1. INTRODUCTION

Wind power has become increasingly popular because of the increasing difficulty of the
environmental pollution and the greenhouse effect. Huge efforts have been made in promoting the wind
energy conversion system , to reduce costs, increase reliability and robustness [1]. The permanent magnet
synchronous generator (PMSG) and the doubly fed induction generator (DFIG) have become the most
popular generators for wind energy applications. On one hand, the use of brushes and slip rings associated
with the rotor of DFIG decreases the robustness of system and increases the maintenance cost [2].

The cost of maintenance for traditional DFIG based windgenerators increased the pressure to seek
other alternative generator systems. TheBrushless Doubly-Fed Induction Generator (BDFIG), also known as
a self-cascaded generator, is composed of two stator of different pole numbers called stator of power winding
(PW) and stator of control winding (CW) and a special rotor winding. Normally, the two stator supplies are
of various frequencies, one a fixed frequency supply linked to the grid via converter, and the other a variable
frequency supply derived from (AC-DC-AC) converter. The natural synchronous speed of the machine is
equal to:

w. = W, o, )
r Pp +Pc

Where Py, P, w,, @, and @, represents respectively, pole-pair of the PW, pole pair of CW, angular

frequency of PW, angular frequency of CW and , Then the shaft angular speed.
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The variable speed constant frequency (VSCF) generator system of the turbine is more important to
improve the effectiveness in capturing the maximum energy of the wind and the assistance of the high
quality, the efficiency and the power controllable, where the major challenge is the independent control of the
active and reactive power exchanged between the BDFG and the grid.

A generator of a wind turbine should be fully controllable so that it can operate at a speed of shaft
which is dependent on wind conditions to obtain the maximum output power. Furthermore, reactive power
control is important for the production of electricity, and consequently, the functionality of the generator
controller to regulate the power factor is essential. Because the BDFIG isn't stable over the complete running
speed range, a controller is required to stabilize the machine at the same time as achieving nice dynamic
overall performance in controlling the speed and reactive energy. Robustness and fast dynamic reaction are
critical capabilities of such a controller for wind-electricity programs [3].

Some strategies of control have been used up to now in this machine (scalar current control, direct
torque control, fuzzy power control, sliding mode power control, and the rotor flux oriented control. A new
vector controller using a dynamic model with a unified reference frame based on the PW flux was
investigated for the BDFM [4]. Furthermore simplified controller oriented with the PW stator flux with a
complete mathematical derivation frame has been exhibited. with some experimental results presented on
both speed and reactive power regulating [5].

Classical control strategies for grid side converter (GSC) systems regulate both the active power and
reactive power flow by controllingthe currentvector orientation with respect to the grid voltage vector. This
technique is referred to as voltage oriented control (VOC) [5],[6]. The VOC technique decomposes the AC
line currents into the direct and quadrature components by using the Park transformation. This makes
possible to regulate the active and reactive powers by controlling the decoupled AC currents, using current
controllers [7].

However, there are a new strategies used to control grid- tied VSI systems in this type of program
which include as the Direct Power Control (DPC). One of the fundamental qualities of the DPC is that the
control directly the instantaneous active and reactive powers instead of instantaneous AC line currents. The
DPC is mainly based on the principle of Direct Torque Control (DTC) for electrical machines [8]. In effect
the DTC guides the stator flux and controls the torque of AC machines according to a switching table.
Similarly, the DPC regulates instantaneous active and reactive powers by using an optimal switching table.
This table determines the VSI switchingstates by means of using the errors of power and the position of the
grid voltage vector.

This paper is dedicated to the study and control of the wind power system based on a BDFIG the use
of indirect control power of machine side converter (MSC) by using PI controller and (DPC) control of
(GSC) converter to control the voltage of the DC Link, MPPT method is carried out to extract the maximum
power available. Figure 1 show the schematic diagram of power and control circuits of WECS studied in this

paper.

argo

AC/DC/AC
Converter

Figure 1. Schematic diagram of a BDFIG based wind power system
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2. WECS MODELLING
2.1. Aerodynamic Model

The wind turbine is a device that converts kinetic energy of wind into mechanical energy. Wind
power is defined as follows [9]:

P, = %npszs )

The aerodynamic power (P,) captured by the wind turbine is given by:
P, = L1 rpR2C, (B3 3
a — Enp p ( !B)V ( )

The wind turbine is characterized by its curve Cp=f(A) [10]-[13].The tip speed ratio (A) is expressed by the
following expression :

RQ
A= tur 4
o @

C, : power coefficient; p: density of air (1.25 Kg/m3);
v: wind speed; W, : wind turbine speed; R : turbine rayon.

The power coefficient C, represents the aerodynamic efficiency of the wind turbine, it is determine
by [10] :

Cp(l ,b)= ¢ (c, /1, + cb+ ¢, )e " + ¢l ©)
Where,
1 1 0.035
1. . (©)
I, 1+008 b +1
With,

c,= 0.51,¢c,=116,¢c,= 0.5,c, = 5,c, = 2land C, = 0.0068.

Figure 2 show the typical curves of the power coefficient. We note that the maximum (Cpma) iS
reached for: (I =8 andb =0).

Figure 2. Typical curve of power coefficient
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From this power the wind torque is given by:

3
C = P, :Cp.r'S'V .

1
! WU r 2 WU r

The dynamics equation is :

J ) dMec = Cmec
dt
J ur
J= 25+,
With:
C

mec : Total mechanical torque applied to the rotor;

J . isthe total inertia that appears on the generator rotor.
The mechanical torque:

Cmec = Cg - Cem - Cvis

2.2. BDFG model

()

®)

©)

(10)

The model of the brushless doubly fed induction generator in the PW synchronously rotating d-q

reference frame is expressed as [14]-[16].

i dog,
=Rylgep +—— + PPy,

v solasp + g

asp

do
. dsp
Vasp = Rsp'dsp + dt ~0pPysp

. do
Vise = Rsc'dsc +$_(mp _(pp + pc)mr)q)qsc

. d(DqSC
Vose = Rsclqsc +T+((’3p _(pp + P )0y ) Dy

. do
0=Rig +—dtdr — (0, — Py, )Py,

. ddg,
0= erqr +T+(oop - ppwr)d)dr

dsp: Lsp Idsp spr Idr

F +M
F qsp:Lspiqsp+ M spriqr

F dsc:Lscidsc+ Mscridr
Fqsc:Lsciqsc+ I-scriqr
F,=Li, +M
Fo=Li,z+ M i+ L i

scr'gsc Spr ' gsp

scr Idsc Lspr Idsp

The electromagnetic torque is expressed as [10] :
Cem = ppMspr(iqspidr'idspiqr )+pcMscr (idsciqr'iqscidr )

The active and reactive powers of the stator of PW are defined as:

(11)

(12)

(13)
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3

Py = E(vsdp.|sdp +Vegp-lap ) "
3

Qp = E(Vsqp 'Isdp _Vsdp'lsqp ) (15)

3. CONTROL STRATEGIES
3.1. Maximum Power Point Tracking Technique

It is evident that it is clear that the wind power is affected by the wind speed. The wind speed
increases with the height most rapidly near the ground, increasing less rapidly with greater height. The wind
speed at which electric power production starts called the cut-in wind speed. The turbine will developenough
mechanical power to rotate itself at slightly lower speeds, but this wind speed will actually supply all the
generator and transmission losses so that useful electric power cannot be produced. At rated wind speed the
power input to the wind turbine will reach the limit for continuous operation (rated power). When the wind
speed exceeds this level the excess power in the wind must be discarded by varying the pitch angle of the
blades to prevent the turbine overloading. The power is maintained at its rated value until a maximum wind
speed is reached the cut-off wind speed (Vcut-off) then the turbine will shut down Figure 3 [13].

A

— — — — Rated power

)
= __ -
o _ - Cut-in wind speed
o - __
_ -
~ ———- cutoutwind speed
/
-

Wind Speed

Figure 3. Wind turbine power curve characteristics

Maximum power point tracking (MPPT) strategies play an important role in wind power conversion
systems (WECS) because they maximize the power extracted from thewind, and therefore optimize the
conversion efficiency [17].

Figure 4 shows the Power-Speed characteristics of the wind turbine, the peak power for each wind
speed occurs at the point where Cp is maximized. To maximize the power generated, it is therefore desirable
for the generator to have a power characteristic that will follow the maximum Cppa line.
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Figure 4. Characteristics curve of wind turbine

To extract the maximum power generated, we must maintain A at the optimal command rotor speed
Aopt- The coordinates of the optimal point is the maximum power coefficient Cp are ( Ay = 8.1, Cpmax = 0.48,
B = 0). Increasing B allows the reduction of mechanical power recovered from the axis of the wind turbine
(see Figure 4).

Two strategies are used in literature [18], with or without speed control. In this paper, we used the
strategy with speed control; it permits to conduct the speed wind turbine to the desired value which
corresponds to the maximum power point. The simplified representation of wind turbine model with speed
control in the form of diagram blocks is given in Figure 5.

r- - - -, T --=
| Turbine
|
|
B < 2 R.Q,,
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Figure. 5 Wind turbine model with speed control

3.2. Control of the BDFG with a PW field oriented
If the d-axis of the PW synchronous reference frame is aligned with the PW air gap flux, the R, of
PW is neglected.Then, the relation between the PW voltage and its flux is:

t
1 (16)
{ \Y

IJPEDS Vol. 8, No. 1, March 2017 : 417 — 433



IJPEDS ISSN: 2088-8694 a 423

% F dsp_Lspidsp+M spridr (17)

iOL + M

Sp qu spr qr

From (17), the equations linking the rotor currents to the PW currents are deduced as:

M M I dsp

BDFIG

Figure 6. General Scheme control of BDFIG

This scheme is based on the cascade regulation method [4]. Two independent regulation paths are

implemented:
Reactive power control:  Q,, ® iy ® iy ® V,

Active power control: P, ® i, ® i, ®V,

3.3. PW current Control
The current derivative (CW) is given by the equation:

Iscd RspLsp i .- Lsp Lrs sp isLd_ Rr Lsp S sp I + W I (19)
“sc §| RS Rs|
dt MSDYMSCI' MsprMscr dt Mschscr p ’ M M i
discq Sp LSp | _ LS L Ssp discq |F |_ WR LSp I‘I‘S sp | + WR | (20)
SC S| S| S| Sp "sC
dt M spr M scr 9 M spr M scr dt M spr M scr P P M spr . P
Relationships (19) and (20) can be rearranged into two terms:
digy L
ds'z =Ayq-lspa + Byq (Iopg s lscq "F 5p ‘)
21
dt xq* qu yq spd ’ scd 1" sp
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With :
a — RSp LSp i _ LS r sp dl
xd “spd
M spr M spr ’ M spr M scr dt (22)
R L, L, _
a,=- —r - W u| + W i
. M spr' ' scr | P | e M spr M scr s e
Q= RSp LSp i LS L,s - diSpq
Xq M spr M s2r e M spr M scr dt (23)
R L, LS, )
a,=- ————|F |- Wpp ———i + Wy, i
¥q MsprMscr sp sp Mspr spq sp *'scq

The ayq( ispd) and ay(i,, ) reflect a linear relationship between direct current vector components of

spq
(PW) and (CW), while ayd(iqu,iscq,‘Fsp‘) and ayq(iqu,iscd,iscq,‘FSp‘) represent the current coupling
between the cross vector components d and g.

3.4. CW current control
The current derivative (PW) is given by the equation:

M_ M
Y+ 2 (we LS - Wo M) (24)

Rsp™sp “ spspq Rsp™ ™" scr *'scq
LpLs,,

dispd M Mscr (Mscr discd _ Lsp er + Rr

¢t LyLs, “dt M, ¥ M

spr spr

p

diqu MSWMSC' diSCq LSP Rf' v M rMSPr
o Ly Lrssp( "t Mg ' M o))t Ly LS - Wby S gl + WagM o i) (25)

The tension of (CW) given by the equation:

% scd_bxd spd + byd(lspd 17spq ! scq ‘F

1 _ (26)
%Vscq_bxq spa + Dyq (g g 1, ‘F

)

whose individual terms are:

b R | (L - scr )dlscd

'sp "'scd SC dt

LSy @7)

M, L, M_ 2
b.= scror i ser Pi scr

- +
yd Ispd L L sp p p'r M spq s
Lsp S sp sp 'S sp spr > sp

; M spr M scr Rr A MR

WRsp ( Rsp chr )Lscg scq

by =Ry digg * (Lyg = ——)—2
sp *'scq ( SC Lrssp ) dt

1 , )
MM R, . Mscr%SP- 1 .
byq lspg = M e 'ppWRSPgJ 9|t

spr s

Lsp I'rs sp

} M2 di

(28)

M, L M.,,2 u
SCrsp scr
ppWr M Iqu + WRsp - ( Rsp ~ P, ) scu e
scr rs sp 5!

3.5. Active and reactive power Control
The expression of reactive power based on the flow and current is:

diFg|.

'ISpd = T .Iqu

3
Qp = Wy F (29)

sp
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3 o 3dFg|. 3,
Psp_E'Wsp Foldpg + > at g + E.Rsl i (30)
d Fsp . - . .
As (T =0 ) the term can be neglected in (ispq). The transfer function of the control Q,, must consider the
dynamics of the closed loop control of (i, ):
Qu(s)_3
== w K| FT(S ke | 31
|Spd(S) 2 p p ( )R g _ i ( )
The transfer functions for regulating Py, is:
Po(s)_3
P == W F o | FT(S )y 32
iqu(s) 2 e ( )Reg_lsm ( )

3.6. Direct power control of GSC

The basic principle of the DPC is based on the well know Direct Torque Control (DTC) for
induction machines. In the DPC, the active and reactive powers replace the torque and flux amplitude used as
the controlled output in the DTC [8],[19],[20]. Figure 7 shows the configuration of the direct instantaneous
active and reactive power controller. Where the hysteresis comparators and a switching table are used.

R L ldc
+ Jv‘v‘v YV -
—G J"""WY\_: 2 AC C - ]
I_Q‘f ‘v‘v‘vm_"j‘.’:’ : DC J
e.lele. lall| L
A A A
Yyvy LA 5| S| S
Power and Voltage Calculation Switching Table Vde
p and Q ¥
Pl o elele &
Yyv¢Y
abc
aff
eu e/]

e
arctan( % )

Vore]
Q]

Q ref

Figure 7. Block diagram of DPC

Comparing the instantaneous active power (P) at a reference power (P), this latter is obtained by
the DC voltage control block at the capacitor terminals, where we use a Pl controller (Proportional,
integrator) tocontrol the error between the sensed voltage (continuous) and reference[18],[20],[21]. Whilst to
achieve a unity power factor, reactive power reference is directly imposed zero (Qe =0).
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Figure 8. Twelve (12) sectors on stationary coordinates to specify voltage vector phase

For this purpose, the stationary coordinates are divided into12 sectors, as shown in Figure 8, and the
sectors can be numerically expressed as:

(n- 2)*%;9 q £ (n- 1)*%;n: 123..12 (33)
jlforP£ P, - H;
dp =1 3 (34)
fOforP P,- H;
Similarly for reactive power controller:
j1forQ£ Q- H
_1 i~ Mo (35)

T 0forP® Q- Hy

With, d,,d, are digitized error Signals of P and Q; 6n: voltage phase ;(S,, Sp, and S) : switching state.

Table 1. Switching Table for DPC

dp  do 61 62 63 64 65 06 a7 08 09 010 6011 012
1 0 101 111 100 0OO 110 111 010 00O 011 111 001 00O
1 1 111 111 000 0OO 111 111 000 000 111 111 000 000
0 0 101 100 100 110 110 010 010 011 011 001 OO1 101
0 1 100 110 110 010 010 011 011 001 001 101 101 100

The instantaneous input active and reactive powers of three phase rectifier are generally defined as:

P=e,i,+e.i+e.i (36)

Q= %geb - ec)ia + (ec - ea)ib + (ea B eb)icg ©7)
ae O

g = arctan ge—bg (38)

a
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4.  SIMULATION RESULTS

The simulation was performed with the Matlab / Simulink software to validate the commands
studied in this work.We realized two operating points, one on the step of speed (see Figure 9(a))and other
variable speed (see wind profil Figure 16(a)).The wind speed is modelled by deterministic form a sum of
several harmonics:

n
Viing=Vo + 4 Visin(wit) (39)
i=0

The parameters of BDFIG used of this study are given in Table 1.

Table 3. BDFIG Parametres [4]

Power Windin (PW)  Control Windin(CW) Rotor
RSp =1732 W R, = 1.079 R = 0.473
LSp = 714.8mH L, =121.7mH L, = 132.6mH
M, = 242.1mH M, = 59.8mH f, .

P =1 P=3

Lt _142mH N 21,652

Concerning the results of the simulations, two cases have been analyzed corresponding to the
profiles of wind respectively represented , by the Figures 9(a) and 16(a). However for the two (2) profiles :

The speeds (see Figures 9(b) and 16(b) ) are almost adapted to the wind speed, respective, resulting
in a very significant increase of the power. By elsewhere, the speed is less than that of the synchrony (750
tr/m). This technique of extraction of the maximum of power is to determine the speed of the turbine which
allows you to get the maximum of power generated. Also, we note that the amplitudes of the current of
phases as the winding of power and control (Figures 10(a), 11(a), 17(a) and 18(a)), consequencement change,
with the variation of the speed of the wind and that their forms sinusoidal are given by the figures (10(b),
11(b), 17(b) and 18(b)).

First According to the Figures(12(a), 19(a)) and their zoom illustrat by 12(b) and 19(b),
respectively, it may be noted the robustness of the vector command in term of decoupling and the good
results obtained by the regulation the active and reactive power, second, we show that a small variation of
the wind can induce a large variation in the power extracted (mechanical power), because of the
proportionality of this last to the average value of the cubic speed of the wind.

We distinguishes the sinusoidal shape of the current of phase of the PW and the reactive power is
zero, which translated the production of electrical energy under unit power factor.

The MPPT strategy we allows to provide the totality of the active power produced at the electrical
network with a unit power factor. However, the command decoupled from the active and reactive power
allows to regulate the active and reactive power provided to the network. Figures 13 and 20 shows the CW
current components idc and igc. This components imposent, respectivement, the reactive power (Q) and
active power (P).

The component in squaring of the flow (fluxgp) of (PW) cancels in permanent regime, and the direct
component of the flow (PW) (fluxdp) is equal to the value (-1.1 Wb) (see Figure 14 and 21), and the brusque
variation of the active power (Psp) has no influence on the flow of (PW). The Figures 14 shows the flow of
BP, one distinguishes the orientation of the flow on the direct axis, such as fluxdp = 0, this justifies that the
command to flow oriented.

The variation of the electrical power delivered to the network is adapted to the variation
consequence of the speed of the BDFIG, and the latter is adapted to the variation in the wind speed of the
wind. This shows the influence of the variation of the mechanical speed as a function of the speed of the
wind on the electrical power produced.

It was also noted that the simulation results show a continued good set point for the stator currents
(PW) and (CW). The instructions of power are well followed by the generator as well for the active power
that for the reactive power which is maintained zero. The stator frequency of the machine (control winding)
depends on the speed of rotation of the turbine.

Direct Power Control of Brushless Doubly-fed Induction Generator Used in Wind .... (A. Rahab)
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Figures 15 and 20 shows that the voltage of continuous bus (Vdc) stabilizes on its reference value
(600 V) imposed by the command, and The continuing tension in output of the rectifier is well controlled
and quasi-insensitive to variations in the speed.

(@) (h)
14 R — )
700 ‘
& E
E E 500
s 12} g.
ié 3 400
o 1| & 1300 —— N-mec
E Ug === =N-opt
B 200
10 ¢
100
N —_— 0
0 5 10 0 5 10
Fime (s) Fimwe (v)

Figure 9. Wind Speed, Rotor Speed

(a) (b)

¥

lasp(A)

0 2 | t 8 10 874 K76 8% 88 842
Thme (s)

Figure 10. Phase PW current of phase-a and zoom
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Figure 11. Phase CW current of phase —a and zoom

IJPEDS Vol. 8, No. 1, March 2017 : 417 — 433



IJPEDS

ISSN: 2088-8694

429

P(W)LQ(VA) in PW

d-q CW currents (A)
'l

- . ) : . b)
o 200 !
2
2000 i
-
0
-200 |
2000
400 |
4000
600 |
6000
800
-H000 ; : - L. : . : .
2 4 6 8 10 3 35 4 45 5
Time (s}
Figure 12. Power of PW
15 T T T T T T T
—_—lde
| m— g

S

=
—

-5 4 ] A Il I} ! ! |
0 1 2 3 R 5 6 7 8 9 10
Time (s)

Figure 13. d-q CW Current

e Flux

0.5 ux 9p)
)
’ 0
"
=
&8
_E' -1

-L.5

.2 4 1 J i ! | ! i !
0 1 2 3 4 5 0 7 8 v 10

Tln;e (s)

Figure 14. d-q PW Flux

Direct Power Control of Brushless Doubly-fed Induction Generator Used in Wind .... (A. Rahab)



430 a ISSN: 2088-8694

700 , (%) : —0
— 6L 4
—_ -\d(: l_’cl
00 600.3
600,2 |
= 500
g 6, 1
<
z 600 W
-~ 400
599,9 |
300 §99.8|
5997
200 . . ‘
0 2 4 O N n N4 8.6 8N 9 9.2
Time (s)

Figure 15. DC link Voltage

13 - (@), ' 700 L)
12 650
= = 600
=11} S
& -
3 £ 550
10 ?
7/
-g 3 00 ¢
Zz 9 :
# £ 450
=
8 400
7 ; : 350 : ~ }
0 2 i 6 8 10 0 2 4 6 8 10
Time (s) Time (s)
Figure 16. Wind Speed, Rotor Speed
I
8, () 4_n, BT ) n e

3 0!
n
-2
et AL AR
0 5 10 592594596598 6 6.026.04

Fime (s)

Figure 17. Phase PW current

IJPEDS Vol. 8, No. 1, March 2017 : 417 — 433



IJPEDS

ISSN: 2088-8694

431

10 ) . ) - )
AN
0.5 {
=z
3 0 .
-
0.5 A
-10 -1 |
15! : . . e e T
0 2 4 6 8 10 775 T8 785 19 795
Fime (s)
Figure 18. Phase CW current
e — (),
2000 200 |
- e3>
i L] I . e i T et
S
-
- <2000 2200
& —’/\
= — ™~
g 4000 - =Pprof 400 | .
—Qp
= =Qp ref
-H000 600
8000 - - . " | . : . . |
0 2 4 o 8 10 7 2.5 8 8.5 9
Time (y)
Figure 19. Power of PW

d-q CW currents (A)

Figure 20. d-

A | A A )
5 O 7 N 9 10
Time (s)

g CW Currents

Direct Power Control of Brushless Doubly-fed Induction Generator Used in Wind .... (A. Rahab)



432 a ISSN: 2088-8694

e Flux dp

s Flux qp
0.5 P

z
=
=
K05
-
£
¥ . J
.S
-2 Il | | 1 i Il Il i
0 ! 2 3 4 s 6 7 8 U 10
Time (3)
Figure 21. d-q PW Flux
700 A2 : —if®)
600.1
600
600.05
= 500 -
I 600
T —Vde |
= =V ref|
= 400 ik | 59995
§99.9
300
59985
200 - . . .
0 2 4 b K 10 82 84 86 88 9 92
Time (s)

Figure 22. DC link Voltage

5. CONCLUSION

This work dealt with the modelling and control of a wind system with variable speed based on a
brushless doubly fed induction generator. First, we have interested in modeling various parts of the wind
turbine system, in order to establish the various controls on the two converters (MSC and GSC). The PW flux
vector control is oriented to apply independent control of active power and reactive. Direct power control
applied to the GSC converter to maintain constant DC link voltage and the technique of MPPT is applied to
provide all of the active power generated to the grid with unity power factor .The results showed that the
active and reactive power of the wind energy system could be controlled independently while ensuring
optimum active power supplied to the grid, DPC applied to the GSC provides excellent dynamic response
and good steady state performances. The results of the simulation show that performance system is
encouraging.
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