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A New Self-Tuning Fuzzy PD Controller of a BDFIG
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Abstract—This paper presents a new control scheme to control a
brushless doubly fed induction generator (BDFIG) using back-to-
back PWM converters for wind power generation. The proposed
control scheme is a New Self-Tuning Fuzzy Proportional-Derivative
Controller (NSTFPDC). The goal of BDFIG control is to achieve a
similar dynamic performance to the doubly fed induction generator
(DFIG), exploiting the well-known induction machine vector control
philosophy. The performance of NSTFPDC controller has been
investigated and compared with the two controllers, called
Proportional-Integral (PI) and PD-like Fuzzy Logic controller (PD-
like FLC) based BDFIG. The simulation results demonstrate the
effectiveness and the robustness of the NSTFPDC controller.
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Tuning Fuzzy Proportional-Derivative Controller (NSTFPDC),
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1. INTRODUCTION

URING the last years, the use of wind energy generation

industry has been growing rapidly [1]. This is due to the
fact that this energy source production of electricity is
emission free [1], [2]. Currently, the Brushless Doubly Fed
Induction Generator (BDFIG) promises significant advantages
for wind power applications [3]-[9]. The use of the BDFIG,
however, decreased the cost and complexity of the wind
turbines due to the absence of the slip ring system and simpler
structure of the rotor winding [3]-[10]. A typical configuration
of a BDFIG wind turbine is shown schematically in Fig. 1.

A BDFIG is composed of two stator windings with different
pole numbers (called power winding (PW) and control
winding (CW)) and a special rotor winding [5], [8], [9].
However, it allows putting a converter between the CW and
the grid which is designed only for a part of the full power of
the machine (about 30 %) [3], [10]. By controlling correctly
this converter, variable-speed operation is allowed and
electrical power can be produced from the PW to the grid and
also from the CW to the grid. Direct magnetic field coupling
does not exist between the PW and CW, and the
electromechanical energy conversion is realized by the
magnetic field modulation of the rotor winding [3], [10].
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Fig. 1 BDFIG Configuration for Wind Power Generation

In this paper presents a new control scheme to control a
BDFIG. The proposed control scheme, called "a New Self-
Tuning Fuzzy PD Controller (NSTFPDC)". In comparison
with two different controllers: Proportional-Integral (PI) and
PD-type Fuzzy Logic (PD-type FLC). PI and PD-type FLC
have a proven control performance for many industrial drives
[11]-[16]. A PI controller can compensate machine variations
very efficiently via the appropriate tuning of its dominant
parameters [15]. However, the performance may significantly
deteriorate when the operating condition is changed or when
the parameters drift [15], [16], a PD-type FLC has been found
particularly suitable for controller design when the machine is
difficult to model mathematically due to its complexity,
nonlinearity [11]-[19]. It might help reduce hardware and cost
and provide better performance than the PI controller [12]-
[16]. On the other hand, the performance of the PD-type FLC
may not offer the required control action. Such PD-type FLC
with fixed values of scaling factors is not expected to present
good control performance [14]-[16]. Several attempts have
been made to enhance the self-adaptability and performance of
the PD-type FLC is scaling factor (SF) tuning; it has a
significant impact on the performance of a PD-type FLC [14]-
[16].

Some works on PD-type FLC tuning have also been done
with the implementation of genetic algorithms or neural
networks to minimize overshoot, settling time, and rising time
[14]-[16]. As the authors, Mudi and Pal [14], [16] proposed a
robust self-tuning fuzzy PD-type controller (STFPDC).
However, the major disadvantage of the control scheme, its
value of the scaling factor of fuzzy output (o) is obtained by
49 fuzzy rules defined on error (e) and change error (ce), this
will require us a high speed microprocessor in order to obtain
good results, this also is what makes the expensive device
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[16]. To cure this problem, we propose a new control scheme
to control a BDFIG, called "a New Self-Tuning Fuzzy
Proportional-Derivative Controller NSTFPDC)" its output SF
is continuously modified by a single deterministic rule defined
on the normalized of error (e) and change error (ce). The role
of the proposed heuristic rule is expected to improve the
performance of the BDFIG in terms of reference tracking,
sensibility to perturbations and parameters variations.

Depending on the values of the average (steady state) wind
speed, four zones may be identified in the static operation of
BDFIG [1], [2], [20]. Zones I and VI, where the provided
power is zero, are not concerned by this paper. The interest is
here focused on zone II, called partial load zone, where the
extracted power proportionally depends on the wind speed
cubed.

II. MODELING OF THE WIND TURBINE AND GEARBOX

The theoretical power available in the wind is defined by
Betz formula. It is given by

1
Py=3p-S-vi (1)

All this power is not recovered on the shaft of the turbine
depending on the geometry of the turbine and frictions [1],
[20], [2].

The effective efficiency conversion is given by the power
coefficient (Cp), which is expressed by the following:

=2 @

Pw
where P, is the mechanical power of the turbine and P,, is the
available wind power.
The relative speed A is defined as the ratio between blade tip
speed and wind speed; it is expressed as:

QR
= 3
A typical relationship between C, and A is shown in Fig. 2.
It is clear from this figure that there is a value of A for which
C, is maximum and that maximize the power for a given wind
speed. The peak power for each wind speed occurs at the point
where C, is maximized. To maximize the generated power, it
is therefore desirable for the generator to have a power
characteristic that will follow the maximum C;, . [20].
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Fig. 2 Power coefficient for the wind turbine model

Taking into account (1)-(3), power on the out axle of the
turbine is then:

1 Q
P =E.Cp.p.7:.R5.k—3t 4
Torque is then:
=P
Ce= 2t )
Pr 1
Cemzﬂ_tzg'P'n'R3'cp'Va/ (6)

With the multiplier of report/ratio G, the torque and speed
become at shaft end;

C Qmec
Cg=Et and Q, = —2ec (7

G

When the turbine is coupled to a machine the mechanical
equation at shaft end will be:

A0
]Tec + fQpec = Cg — Cem (®)

From these various equations the mathematical model of the
turbine at shaft end is shown on Fig. 3.

Fig. 3 Device control without control speed [2]

The expression of the optimal mechanical power Py op 1S
obtained as follows:

P —_ 1("17mu.x'p'n"'R3
mecopt T2 6313,

: anec (9)

III. BDFIG OPERATION AND DYNAMICAL MODEL

The stator of the BDFIG has two separate windings,
namely, power winding (PW) and control winding (CW), with
different pole pair numbers to avoid direct coupling between
the windings (PW and CW) [3]-[7], [9]. A specially designed
rotor is able to couple both the PW and CW [4], [S]. The PW
is directly connected to the grid, where as the CW is connected
to the grid through a bidirectional converter.
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Fig. 4 The basic structure of BDFIG

In order to assure the related cross-coupling effect by the
simplest machine structure the number of rotor loops (N;) has
to be selected as [3], [10]:

N, =pp +pc (10)

Direct coupling phenomena between the two stator
windings must be prevented, so next supplementary restriction
must be adopted [3], [7], [8].

Pp # Pc (11)

In order to obtain the desired cross-coupling effect, the
currents that both the PW and the CW induce at the rotor bars
must evolve with the same frequency [3], [9]. The
synchronous rotor speed o, is determined by the excitation
frequencies of two stator windings, as expressed by

op+oc

R —— (12)
Because of that a synchronization procedure is required in
the start up phase. Once the synchronous operation mode is
reached, the BDFIG shows a stable behavior, and then the
rotor speed can be easily controlled by o, [8], [9], [4]-[6].
When the CW angular frequency o, is equal to zero, the
angular frequency of the rotor is defined as the natural angular
frequency o, as expressed by [5], [6], [9]

—_%
©n = Pp+tPc (13)

In this paper, the pole-pair numbers of the PW and CW are
one and three [7], [8], [10], respectively, and the grid
frequency is 50 Hz. Thus, the natural synchronous speed is
equal to 750 rmp.

The electrical equations used to model the BDFIG in the
Park reference frame are [7]:

d“’gp d
= RSp spT m + OpVs, (14)

d

dy
d _ +d Sp __ q
Vsp = Rgplgp + n o)p\ysp (15)

0 =Rl + + (@p = Ppor )V (16)
0=Ril + 2 — (0, — ppwr)w: (17)
Vgc = RSci(s]c + WSC + ((DP (pp + pc)mr)WSC (18)

v, = Reeith + 255 (0, — (pp + Pyl (19)

The expressions for stators and rotor flux linkages are [7]

Ve = Lopigp + Lmpir (20)
v, = Lepidp + Linpif 1)
W9 = Linpigy + Lyip + Lincige (22)
Y9 = Liypidy + Lyif + il (23)
vd = Lycige + Linciy (24)
Y = Lecid + Lincid (25)

The electromagnetic torque is [6]
C =3<p (\yd il —\uqid)+pL (idl lqld) (26)
em 2 \Pp sp Sp sp SP ctmc\’sc sc'r

The active and reactive power at the stator as well as those
provide for grid are defined as [1], [8], [9], [21], [22]
For PW are

3 . .
Pop =3 (Vgp idp + VS iSp) 27
Qsp = ( gp lgp VSP sp)
For CW are:
- (Vsc Isc + Vsc ISC) (28)
Qsc = E(Vsc Isc — Vsdc gc

IV. FIELD ORIENTED CONTROL OF A BDFIG

A. Reference-Frame

By choosing a reference frame linked to the PW flux, CW
currents will be related directly to the PW active and reactive
power. An adapted control of these currents will thus permit to
control the power exchanged between the PW and the grid [8],
[9]. If the PW flux is linked to the d-axis of the frame we have

lpgp = |lpsp| and ll)sqp =0 (29
The obtained control strategy for the BDFIG is similar to

the well-known stator field orientation control used in the
DFIG [12].
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B. Control Strategy

By aligning the d-axes with the flux vector of the power
winding allows for the further simplification of (27).
Therefore, as in (30) the active power flow of the BDFIG can
be regulated through the g-component of the PW current.

_3.,4 ;q
Psp = EVSP lsp

3. q . (30)

Qsp = Evgp lgp

The PW current can be expressed in terms of the rotor

current and further CW stator current. Rearranging the PW
stator flux and the rotor flux equations produces:

. _‘I’Sp_meir
Isp == (1)
P
_ Yp+Llmpir+Lmcisc
i, = YrmRrmese (32)
Then:

: Ly me meme :
ig, = v = \j ise (33)
SP O LspLe-LZp 'SP LspLe—L3p 'T  LepLp—LZ, ¢

Expanding (33) into d-q reference frame and substituting
into (30) produces the expanded power flow expression for the
BDFIG:

=28y (i - e )
P2 "SP \LgpLe—LEp T LepLe—Léyp

3.4 ( Lr d Lmp d Lmclmp .q )
=V - + i
Q 2 SP \LgpLr-Lép Vsp LspLr—Lp Ve LspLr—L&yp ¢

(34

The power terms in (34) are both expressed as a function of
the CW stator current that can be directly controlled.

To begin the implementation of the power flow equations
(34) in the controller, it is first necessary to trace the
relationship between the current control signals of the CW and
their equivalent voltage commands that can be utilized with
the voltage source inverter:

o dyg | .
Vsc = Rsp Isc + % +jocy,, (35)

The CW stator flux is estimated in (36). Rearranging the
CW stator flux and expressing it in terms of some known
quantities as well as rotor flux:

LmcLmp . L LspLr—LZ1p .
v _ —~mctmp < — mc splr—Llmp lsc (36)
sc Ly p Le 'T Ly

For further simplification (33) can be substituted into (36),
the result is then put into (35) and transformed into d-q frame:

. d . .
{Vgc = Rsclgc + 5(53120 + SZ‘VILZl - 51\I/§lp) - @0(53lgc + 63“’3) (37)

q o de s .
Vi = Ryclde + 5 (8ai% + 8,93) — o (83 + 8,98 — 5,92
Thus, voltage expressions in (37) become the command

signals to the controller of the VSI converter, shown in Fig. 5.
All the terms in (37) in parentheses represent the disturbance

terms due to the various cross-coupling effects between the d-
q components as well as the rotor cross-coupling [1], [8], [9].
The leakages factors associated with these disturbances are:

LmcLlmp LmcLsp
8 = ’ = ; 83 = Lgc

L%stp
- LeLgp—L2 - (3 8)
P~ ~mp

27 LiLsp-LZ, LrLsp—LZp

The disturbance associated with the derivative terms in (39)
does not need to be included into the model because the
controllers will be able to suppress them.

Fig. 5 Generator Side VSI FOC

In (37) is the presence of the PW stator flux and the rotor
flux in as the control variables. We can't be measured directly
of these quantities and would have to be estimated from the
available voltage and current signals.

The reference frame is aligned with the d-component of
the Yy, the g-component (lpgp) always remains at zero [1],
[8], [9]. The d-component of the PW stator flux is then
calculated as:

q
d _ Vsp
sp ~ 2m50 (39)

<

The rotor flux estimations are based on the knowledge of
the PW and CW currents as well as PW flux in (35). By
combining rotor flux expressions in (20)-(23) gives the
estimated rotor flux in d-q reference frame:

q — lenp_Lser +q L :q 40
\Vr - L 1sp + meclsc ( )
mp
2
d _ Mmp=lrlsp.d | Lr  d .d
Yr = L Isp + L lIJsp + Lincise (41)
mp mp

The reference signals i, and id. are obtained directly from
the desired reactive and active powers command, respectively,
by applying (42) and (43) to it.

P )
id — Pref O4..q 42
1 =
SCref — 15vg,d8, 3y Vr (42)
- Qpyer Os.d 4 % d
{9 = _Pret__ O 2 4
SCref  1.5vepd; 8y Ysp + 5, Vr (43)

where
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84 = 2,8 - (44)

Lrlsp=LZp " > LrLsp—LZp

V.CONTROLLER DESIGN

In this section, we have chosen to compare the
performances of the BDFIG with three different controllers.

A. PI Controller Synthesis

At present, the PI-type controller is most widely adopted in
industrial application due to its simple structure [14], as shown
in Fig. 6. Its control signal is easily computed by combining
proportional-integral terms

u(t) = Kye(t) + K; [e(t) dt (45)

The terms K, and K; represent respectively the proportional
and integral gains.

The quotient B/4 represents the transfer function to be
controlled, where 4 and B are presently defined as follows:

A=R,+s8;and B=1 (46)

Linc Lsp
where 63 = Lsc - m
mp

e e N
14 N
Proportional & Integral Controllers *

Yref(t)

Fig. 6 System with PI controller

The controller terms can be calculated just specifying the
natural frequency and damping of the close loop equivalent
first order system. The desired natural frequency (w,) and
damping (&) are set respectively to 37 rad/s and 70.7 %.

Allows determining the parameters of PI controller:

K; = w? 83 =59
{Kpl =2 2‘ wi 83 — Rge =131 (47)

The reason for the popular use of the Pl-type controller is
that this controller can be easily designed by adjusting only
two controller parameters: K, and Kj, [12], [14], [15]. In
addition, its control performance can be accepted in many
applications.

B. PD-Like Fuzzy Logic Controller Synthesis

The PD-like fuzzy logic controller (PD-like FLC) is driven
by a set of control rules rather than constant proportional-
derivative gains [11]-[16]. The block diagrams of a PD-like
FLC, as shown in Fig. 7.

uy, v
—(<)

| Data-base I

Fig. 7 Block diagram of PD-like Fuzzy Logic Controller

The PD-like FLC consists of four mechanisms: fuzzifier,
fuzzy inferencing engine, knowledge base and a defuzzifier
[15], [16], [18]. The input variables of PD-like FLC are the
signals of error e(t) and rate of error change ec(t) and the
output variable is generated from fuzzy rule base [12], [14]-
[16]. After defuzzifier, the crisp signal is acquired.

The signals of error and error change are defined as

e(t) = L5 (ts) — I (t5) (48)
ec(ts) = e(ts) - e(ts - 1) (49)

where I (t;) is the actual stator current of CW and I3 (ts) is
the reference stator current of CW.
The inputs and the output are related as:

UfN(ts) = f(e(ts): ec(ts)) (50)

The scaling factors Gey and Gen are used to normalized
error e(t) and error change ec(t) respectively, so that these
remain within the limit of -1 to +1, and G, is the gain of output
scaling factor in the PD-like FLC [15], [16], [18]. This process
of converting crisp variables into fuzzy variables is called
fuzzification. After selecting the scaling factors, the next step
is to choose the membership function for e(t), ec(t) and Ut)
[15], [16], [18]. The membership functions used for the input
and output fuzzy set are shown in Fig. 8.

™% T T .3 T T8 T

- 48 05 24 42

M o®el
3
3

T T [

L 1 1 1 1 1 1 1 1 ] 1
4 2 06 24 42 ] 02 04 08 (] 1

Y

Fig. 8 Membership functions for: (a) error, (b) error change and (c)
output Uy

The fuzzy inputs are inferred to a fuzzy rule base, which is
used to characterize the relationship between fuzzy inputs and
fuzzy output. In this study, the fuzzy rule base of PD-like FLC
is fixed. It uses rules of the form, [15], [16], [18]:
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Rpp : ife(t) is E(t) and ec(t) is EC(t) then ugt) is Ur

The response of each fuzzy rule is weighted according to
the degree of membership of its input conditions. After
processing the inputs through knowledge base and inferencing
mechanism the next stage is defuzzification [15], [16], [18]. In
this paper, the defuzzification strategy chosen is the center
average method [15], [16], [18]. Therefore, the output U; can
be computed as

Teaatra - #(ura0)
Uy =—77—7—=+ 51
A o #(wrw) 1)
where n is the total number of rules and W(Ugk)) denotes the
output membership value for k™ rule.
The rule base of PD-like FLC is listed in Table I. Fig. 9
shows the output surface of output Uy

TABLE 1
RULE BASE OF PD-LIKE Fuzzy LOGIC CONTROLLER

e
co NB V4 PB

NB NB NS Z
Z NS z PS
PB zZ PS PB

error change e error

Fig. 9 Control surface of PD-like FLC (Uy)

C.The Proposed Controller—New Self Tuning fuzzy
Proportional-Derivative Controller Synthesis

In order to improve the performance of the PD-like FLC
controller, we propose a New Self-Tuning Fuzzy Proportional-
Derivative Controller (NSTFPDC), is designed to tune the
scaling factor of fuzzy output of control system. The block
diagram of the proposed NSTFPDC is shown in Fig. 10.

Gain Tuning Mechanism

Fig. 10 Block diagram of NSTFPDC

The NSTFPDC has an output variable which is the gain-
updating factor o, is applied to adjust the scaling factor of PD-
like FLC output. All membership functions of the NSTFPDC
inputs (ey and ecy) and the output (Uy) are defined on the
normalized domain [—1, 1], is not altered, as shown in Fig. 8.
The rule base for computing controller output Up is shown
above in Table 1.

A practical observation of the generator step response, as
shown in Fig. 11, is done. The current response can be roughly
divided into four regions: R; — Ryy, and two sets of particular
points; crossover points (a,, a;) and peak points (a3, as) are
shown in Fig. 11 [11], [13], [15].

as
a, a, a; a, a

negéf R TR TRy TRy T

082 t

Fig. 11 Dynamic behavior of machine step response and mapping of
response on e-ec state space

According to (48) and (49), the signs of e and ec will
change when the response curve passes through the different
regions. For example, the sign of e and ec in regions Ry and
Ry are (-, -) and (+, +), respectively [15], [16], [18]. The
states in these two regions mean that the current now is not
only upward Ry or downward Ry far away from the current
command but is also going farther away from it. In this case,
the controller should provide large gain (aUg) to prevent
worsening the condition [15], [16], [18]. This can be realized
by the following rules:

If e is Negative and ec is Negative then aUy is Big.
If e is Positive and ec is Positive then aUy is Big.

When the states of the system are located on regions R; and
Ry, and the sign of e and ec is different. At this moment, the
controller must make the gain Zero to evade overshoot and
reduce the settling time [15], [16], [18]. The rule can be
formed as follows:

If e is Negative and ec is Positive then aUy is Zero.
If e is Positive and ec is Negative then aUy is Zero.

In addition, when the state is located on the region of the
steady state, i.e., each e or ec is zero, which means that the
response has just reached or left the set point but is moving
away upward or downward from the set point rapidly. In this
situation, medium gain will prevent overshoot or undershoot
[15], [16], [18]. This can be accomplished by the following
rule:

If e is Zero and ec is Positive then aUpy is medium.
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If e is Zero and ec is Negative then aUy is medium. If e is Zero and ec is Zero then aUg is Zero.
If ¢ is Positive and ec Zero is then aUyy is medium.
If e is Negative and ec is Zero then aUpy is medium. As a result, based on the considerate and deduction of

response behavior and the above rule base of aUp, we
Finally, at the steady state, the controller should provide concluded that the output surface of gain-updating factor a is
zero gain to prevent the chattering problem around the set planned in Fig. 12.
point [15], [16], [18]. The rule for this condition is as follows:

1 — 1
1 |
{-e, +ec) Ry (e, - 0.8
0.5 !
(] |
£ = = 0.6
& o 0
Q v
g 04
5
0.5
C R (e, e 0.2
0
& 0.5 05 1
error change error error
(a) (b)

Fig. 12 Proposed frame of the variation of gain updating factor (o) with error (e) and error change (ec)

Through Fig. 12 (b), we can deduce the single deterministic VI. CONTROL OF THE GRID INVERTER

rule defined on the normalized of error (e) and change error The various control strategies for the voltage source

(ce) as follows: rectifier (VSR) have been proposed [1], [17] and will be
briefly discussed here.

o = leNJ‘;leCNJ (52)
ln 1o
The proposed heuristic rule is expected to improve the
performance of the BDFIG in terms of reference tracking, ﬁ*’ iﬁ” :
sensibility to perturbations and parameters variations. Va — v

AMAMAA.

The relationship between scaling factors and the input and
output variables of the controller are as follows:

ey = Geye (53)
ecy = GeCNEC (54) Fig. 13 VSR Circuit Model
Ur =« G, Upy (55) The objective of the grid inverter is to maintain a constant
DC-link voltage between BDFIG (CW) and grid.
Converting e, ec, and Uy into ey, ecy, and Uy by the scaling The system can be described by the following equation

gains, respectively, means that they are transferred from the  [1],[17]:
actual discourse universe into the interval [—1, +1]

(normalization) [15], [16]. The proper initial values are Va ia q iy Vainy
obtained when a good transient response is achieved Vp[=R|ip|+ LE ip| + | Vbiny (59)
Ve ic ic Cinv
1
Goy = —— 56
N lsemax] (56) This can be written in a rotating reference frame by using
Park transformation
1
GECN = (57) A i .
|Alsc,max| Vg i 1 1 Vai
] = R[.q]+L-s[.q] +weL[ a ]+ [V '“V] (60)
d 1q 1q —1g dinv
Gy = AUfy ax (58)

where s is the derivation operation.
Comparative results for different controllers are presented
below. P =3 (vii .
= dld + vqi
{ 2 (vala + vaio) o)

Q= (vqia = Vaiq)
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The voltage components in the Park frame Vg i, and V jn,
are given at the output of the PI regulator:
Vay = —ia(s L+ R) + (we Lig + vq) 62)
Vg = ~lg(s L+ R) + (w, Lig)

In the Park reference frame, the voltage source components
are V4= 0 and V, =V, and the powers can be written as

3.
P= ;Vqlq
Q.= vyiy (63)
By neglecting the converter losses, we have
Vacige = 2vgi
dclde = 5 Vqlq
dvgc : . (64)
CT =1lin—1Io
vaC S =p P, (65)

The inner current loop can be modeled as a transfer function
relating the terminal voltage and current

The complete block diagram of the VSR controller is shown
in Fig. 14 [1],[17].

Pad
v )l
: )

Q'.c

Fig. 14 Grid side VSR

VII. SIMULATION RESULTS AND DISCUSSION

The aim of the control is to measure active and reactive
powers equal to the reference values. These powers should
then be collected in order to measure only the stator current of
CW. The two controllers have been tested using the indirect
control method. The method is based on the stator currents
measurements of CW and gives then best results for the

i(s) _ 1
o = TR (66) BDFIG control.
A 1000
= 750!— I ; i j : ‘i
| 1.5 2 25 3 35 4
= 1::5}: T T T ™ T 4
2000, 15 ; 25 :Is zls 4
s 1&“2{_ T T T T = T _1|
~1o004 5 z 25 3 Y 4

(d)

1 15

2. T T - T
2
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e zﬂ T e e e S S S S
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Fig. 15 Simulated results under various speed, stator reactive power steps and parameters variation (A) PI controller. (B) PD-like FLC
Controller (C) NSTFPDC Controller; (a) Rotor speed (rmp). (b) Stator active power of PW (W). (c) Stator reactive power of PW (VAR). (d)
Stator currents of PW (A). (e) Stator currents of CW (A)

A. Performances of the Controller

1. Reference Tracking

The first test investigated to compare the three controllers is
reference tracking by applying stator active and reactive power
steps of PW, respectively. As shown in Figs. 15 (b) and (c), the
active power is stepped from -500 to -1.5 kW (export to grid)
at 1.2 s and then backed to -500 at 2.8 s, the reactive power is
stepped from 0 to -500 W at 1.6 s and then backed to 0 at 2.4
s, while the machine's speed is maintained constant during the
first change at 640 rmp and at 910 rmp during the second
change. The results are presented in Figs. 16 (a) and (b).

——PD-like FLC Controller

500, —PI Controller 1
o ——NSTFPDC Controller
= -1000- 1

-1500

2000 | I | | | | L I I I 1 I
1495 12 1205 121 1215 122 1225 128 1235 124 1245 125 1255 126

-;‘?WS 12 1.208 |,I21 1215 122 1225 123 1235 124 1245 125 1.255 1.26
ime (s)
Fig. 16 Reference tracking, (a) Stator active power step of PW (b)
Stator reactive power step of PW

Figs. 16 (a) and (b) showed that during the change of
power, transient oscillations due to the coupling terms between
the two axes and static error appear on active and reactive
powers. This is inherent to the adopted control mode: the
feedback signal of the controller is calculated using stator
currents of CW and considering that stator resistance of CW is
neglected. It can be seen that transient oscillations amplitude
are minimized with NSTFPDC Controller which have better
rejection of perturbations.

2. Sensibility to Perturbations

The aim of this test is to analyze the influence of a speed
variation of the BDFIG on active and reactive powers. The

active and reactive power references are maintained to
—1.5kW and -500 VAR and at time equal to2 s the speed
varies from 640 rmp to 910 rmp. The results are shown in
Figs. 17 (a) and (b).

L L
1.9 1.95 2 2,08 24 215 22

—— Pl Controller

500 ——PD-like FLC Controller
——NSTFPDC Controller
= 1000 4

L L L
19 195 2 2.08 24 215 22

Fig. 17 Effect of a speed variation, (a) Rotor speed (rmp) (b) Stator
active power step of PW (W) (c) Stator reactive power step of PW
(VAR)

This figure shows the limits of the PI controller. Indeed, for
this controller, a speed variation induces an important
variation of the active and reactive powers (40% for active
power and 2% for reactive power). PD-like FLC controller
have lower than the previous values (2% for active power and
3% for reactive power) and the NSTFPDC Controller has a
nearly perfect speed disturbance rejection, indeed, only small
power variations can be observed (less than 1% for active
power and 4% for reactive power). This result is interesting
for wind energy applications to guarantee stability and quality
of the generated power when the speed is varying.

3. Robustness

The aim of this test is to analyze the influence of the
BDFIG's parameters variations on the controller's
performances. The machine's model parameters have been
deliberately modified with excessive variations: the values of
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the both stators (PW and CW) and the rotor resistances are
augmented by 25% and the values of inductances are reduced
by 25%. The BDFIG is running at 910 rmp, active and
reactive powers are maintained constant and the speed is equal
to 910 rmp. The obtained results are presented in Figs. 18 (a)
and (b).

(@)

3 L L
3.05 31 3.15 3.2 3.25 3.3 3.35 34 3.45 35

1000

(b)
500

L | L L
5 33 335 34 345 35
Time (s)

Fig. 18 Effect of BDFIG's parameters variation (a) Stator active
power step of PW (W) (b) Stator reactive power step of PW (VAR)

These results show that parameters variations of the BDFIG
increase the time-response of three Controllers, for the PI
controller, parameters variations induces an important
variation of the active and reactive powers (32% for active
power and 42% for reactive power), PD-like FLC controller
have lower than the previous values (24% for active power
and 28% for reactive power), and NSTFPDC Controller is also
have lower than the previous values (19% for active power
and 26% for reactive power), Indeed, the transient oscillations
due to the coupling terms between the two axes are always
present for all controllers but their amplitudes have not been
increased compared to the test with no parameters variation.
However, a static error on reactive power appears when the
value of the active power is changed but it keeps reasonable
values.

B. Simulation of the Whole System
The wind energy system parameters used in the simulation
are given as following:

TABLE I
WIND ENERGY SYSTEM PARAMETERS

Turbine

Diameter = 4.8 m, Number of blades = 3, Hub
height = 12 m, Gearbox = 18

BDFIG [12]
2.6 Kw, 380 V, 50 Hz, 2 pole pairs,
Ry =1.732 Q, R, = 1.079 Q, R, = 0.473Q,
Ly =714.8 mH, Le=121.7 mH, L,,,=242.1 mH,
Line=59.8 mH.
L,=132.6 mH.
filter

Z;=R +jLo =0.25+j0.003.

Fig. 19 shows the wind speed. Fig. 20 shows the angular
speed random of the BDFIG. Fig. 21 presents the decoupling
effect between the direct and quadratic stator flux of PW. The
stator currents and voltages waveforms of the BDFIG and the
related expended plots are shown, respectively, in Figs. 22 (a),
(b), (c), and (d) (phase a). The PWM inverters are operated at

2 kHz; hence, the currents are almost sinusoidal. The stator
currents (PW and CW) waveforms and these zoom are
presented, correspondingly, in Figs. 23 (a) and (b). Fig. 24
gives the rotor current of the BDFIG. The stator active and
reactive powers are plotted in Fig. 25. Fig. 26 shows the
regulation of the DC-link voltage. It is maintained at a
constant level (410 V) so that the real power extracted from
the wind energy conversion system can pass through the grid.

I L L ' '
1 15 2

25
Time(s)

Fig. 19 wind speed (V)

1 15 2 25 3 35 4
Time(s)

Fig. 20 Random of the BDFIG rotor speed (Qyec)
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Fig. 21 Direct and quadratic stator flux of PW (q;;*p and lIJgp)

T T
soxvi

“mu: uwu f\\\i\i\h' l ‘I\if

)|

“I

off
z |
ES Hlh il
| I

2

i ;|i|‘hl;iu. " g ui‘l“l : ””“w

|

K

1 15 2 25
Time(s)

Fig. 22 (a) Stator current and voltage of PW (Igp, V&p)
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Fig. 22 (b) Zoom of Stator current and voltage of PW (Igp, V&p)
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Fig. 22 (c) Stator current and voltage of CW (I3, V&)
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Fig. 22 (d) Zoom of Stator current and voltage of CW (i., vs.)
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Fig. 23 (b) Zoom of Stator currents of PW and CW (ig, i&,)

il‘\il‘ R i
| |
.5 ‘ |
-10}
1 15 2 2.5 3 3.5 4
Timels)
H ja
Fig. 24 Rotor current (i)
QP £y
s00- i
g
;_ -1000 Fp = 4
45uu\/\_/\/
-20001~ =
1 1‘5 ; 2!5 1“ 3‘5 4
Time(s)

Fig. 25 Stator active and reactive powers (Pp, Qp)
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Fig. 26 DC-link voltage (E)

VIII. CONCLUSIONS

In this paper, a New Self-Tuning Fuzzy Proportional-
Derivative Controller (NSTFPDC) has been proposed and
associated to the oriented control field of a brushless doubly
fed induction generator based wind energy conversion systems
connected to the grid.

In this paper, we have presented a complete system to
produce electrical energy with a BDFIG by the way of a wind

turbine. Three
NSTFPDC) are

different controllers (PI, PD-like FLC and
synthesized and compared. In terms of power,

reference tracking with the BDFIG.

The presented results show that anew technique for
the intelligent control method as NSTFPDC can be a very
attractive solution for devices using BDFIG such as wind
energy conversion systems.

The turbine
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NOMENCLATURE

Mechanical speed of the BDFIG
Turbine speed

Mechanical speed reference
Mechanical power
Mechanical power optimal
Aerodynamic torque
Generator torque

Power coefficient

Tip speed ratio

Air density

Turbine radius

Wind velocity

Gear ratio

cross-sectional area

Inertia

Viscous friction

"d-q" stators voltages

"d-q" stators currents

"d-q" stators flux

"d-q" rotor currents

Number of rotor nests

Per phase stators resistances
Per phase rotor resistance
Total cyclic stators inductances
Total cyclic rotor inductance
Magnetizing inductances
Number of pole pairs
derivative operator

inertia
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