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Abstract - In this article, a direct power control strategy
for a doubly fed induction generation is presented. The
control variables — d-axis and g-axis rotor voltages — are
determined through a control system that consists of a
neuro-fuzzy inference system and a Takagi-Sugeno fuzzy
logic controller of first order. The input variables of the
control system are the rotor speed, active and reactive
power references, and their respective errors. Constant
converter switching frequency is achieved, what eases the
design of ac harmonic filter and reduced the power loss
in the power converter. Another features are the rotor
current-sensorless operation, lower cost implementation
and the gain of reliability. To validate the strategy,
simulation and experimental results are presented for
abrupt and linear variations of active and reactive power.

Keywords — Constant Converter Switching Frequency,
Space Vector Modulation, Doubly Fed Induction
Generation, Direct Power Control, Neuro-Fuzzy Inference
System, Takagi-Sugeno Fuzzy Logic Controller.

LIST OF SYMBOLS

R, R, stator, rotor resistances.

Ls, L., Ly, stator self, rotor self, mutual inductances.

o total leakage factor.

W1, Wa, Wy synchronous, slip, rotor angular frequency.

01,0-,0, stator flux,slip, rotor angles.

P Q active and reactive power.

V., 1,9 voltage, current, flux space vectors.

v, 1, voltage, current, flux components.

X=x+jy space vector expressed in the general
reference frame .

s, r stator and rotor, respectively.

a, B direct- and quadrature-axis expressed in
the stationary reference frame.

d,q direct- and quadrature-axis expressed in
the synchronous reference frame.

m,n direct- and quadrature-axis expressed in

the rotor reference frame.

I. INTRODUCTION

It is seen in the literature a great interest in the doubly fed
induction machine (DFIM) as an attractive alternative to cage
rotor induction machines and synchronous machines in high
power applications [1]. The interest excels in applications
such as: generator for renewable energy [2, 3] and motor for
ventilation systems and pumps [4]. For such applications,
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the stator windings are directly connected to the constant
frequency three phase grid and the rotor windings are supplied
by a bidirectional power converter that is designed to handle
about +25% of the machines rating [2], what becomes
attractive the use of DFIM in large power systems. A strategy
to make better use of converters and improve the ability to
control the total reactive power grid is proposed by [5].

Among all methods of active and reactive power control
for doubly fed induction machine, nowadays, the direct
control techniques have become a well-known strategy for
high dynamic performances. Based on the conventional direct
torque control (DTC) [6], a conventional direct power control
(DPC) for the control of active and reactive power of the
DFIG was developed by [7], by using hysteresis controllers
associated with a switching table. It has the feature to generate
directly the required rotor control voltage from the errors
of controlled power without the necessity of PI controllers,
which are the bases of the articles [8,9]. PI controles are
also applied to DFIG under grid voltages dips conditions
[10]. However, the conventional DPC strategy requires a high
sampling frequency for digital implementations. Added to this
the following disadvantages: variable switching frequency,
high power ripples and current distortions [7,11].

A solution to the problem caused by the hysteresis
controllers is the DTC with space vector modulation (SVM)
schemes [12—14]. The DPC strategies with SVM are applied
to DFIG are presented in [15, 16]. In these strategies, the
controller calculates the required rotor voltage components
which, in turn, are used to generate the switching signal for
the SVM convertor. These rotor voltage components can be
calculated from stator flux, the active and reactive power as
well as from their errors [15]. In [16], PI controllers are used
to determine rotor voltage components from power errors.

Intelligent controls using fuzzy logic, neural networks,
neuro-fuzzy system and generic algorithms have been recently
recognized as important tools to enhance the performance of
the power electronic systems [17, 18]. Particularly, among
the advantages of neuro-fuzzy system are the training easy,
generalization and simple architecture [17], besides being used
in a several different applications [4, 19,20]. The rules base
and membership functions of a neuro-fuzzy system are easily
obtained in an automated process by an ANFIS, from the
input-output data set, where the parameters associated with
the output and input membership functions are adjusted by
the combination of back propagation learning algorithm with
a least squares type algorithm [19, 20]. Thus, the neuro-
fuzzy based controller is an effective way of controlling
torque or power. In Grabowski [21] proposed a direct torque
control technique of induction motors based on adaptive
neuro-fuzzy inference system (ANFIS) for the voltage space
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vector generation. The technique was characterized by simple
self-tuning procedure and good steady-state and dynamic
performance, but it was applied to squirrel cage induction
motor.

In this paper a neuro-fuzzy controller design for the
direct control of active and reactive power of a DFIG is
proposed, being adopted SVM for power converter. The
first stage of this project is the acquisition of data sets for
training, which are used by ANFIS that has the function of
building the neuro-fuzzy system. For this, it was initially
performed simulation of a stator-flux-oriented control of DFIG
employing PI controllers in cascade for obtaining of 135
training data for 27 operation points which are obtained from
different tunings of PI controllers. Once built the neuro-fuzzy
system, a Takagi-Sugeno fuzzy logic controller (T-S FLC)
is designed in order to increase the response of the stator
active and reactive power control and minimize their errors.
Simulation and experimental results of the proposed strategy
are presented.

II. FUNDAMENT OF DIRECT POWER CONTROL TO
DOUBLY FED INDUCTION GENERATOR

A. DFIG Model

The stator flux oriented mathematical model (¢)5,=0) of
the Doubly Fed Induction Generator (DFIG) is written in
the synchronous reference frame and with negligible stator
resistance R, is given by the following set of equations [22]:

¢ Stator and rotor flux space vectors

Esdq = LsTsdq + Lmjrdq (1)
Erdq - LrTrdq + Lstdq (2)
¢ Stator and rotor voltage space vectors
— A, . —
Vsdq = dt ! +.7w1wsdq (3)
by, -
V’rdq - Rr]’rdq + dqu + ]w2wrdq (4)
e Stator active and reactive power
3 — —
Ps = 5%6(‘/340 'Isdq) )
3. = -
Qs - E\Sm(vsdq - Isdq) (6)

According to equations (1) and (2), the stator and rotor
currents are given as

- E d LmE d
Ig _ Psdg rdq
0= T, oLiL, )
= Erdq LmEsdq
s S ®

in which o = (LsL, — L?,)/LsL, is the leakage factor.

Combining the equations (3), (7), (5) and (6), one obtain
after some algebraic manipulations the following power
equations:

Py = —kyw "/}sd 1;[)7“11 (9)
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Qs = kowi wsd([I:_T/‘/}sd - 1;[)7‘(1) (10)

where k, is a constant givenby k, = 1.5 L,, /o LsL,.

As the stator flux sy and synchronous frequency wq are
maintained constants (assumption of infinite bus), the stator
active and reactive power can be controlled by means of ¢,
and 1.4, respectively.

From the equations (9) and (10), the components of the rotor
flux are given by

1
g = —7—Fs 11
1/)0 ka'wlwsd ( )
L, 1
rd = 7 Wsd — 77— Ws 12
Yra = bt~ o0 (12)

In accordance with the equations (11) and (12), if the
sampling period T is small [15], the rotor flux changes in the
d-q axis depend on the active and reactive power changes:

1
Ay = ———— AP 1
1/} / kowl wsd ; ( 3)
1
A = ——AQ;.
'l)[)rd kawlwsd Qs (14)

where A P, and AQ; are the active and reactive power errors,
respectively.

B. Direct Power Control

In the direct power control the controlled variables are the
stator active and reactive power, and the control variables are
the direct and quadrature axis rotor voltage.

For a constant period T the expressions of rotor voltage
components are obtained from the substitution of the
equation (8) into (4), resulting:

_ A1;[)rd Rr'lprd Rerd}sd
vrd = —p =t T oL.L, ¥ (1D
A r R'I" r
= B Betra (16)

Vpg =
T, oL,

Substituting equations (11)-(14) in the equations (15) and
(16), the reference values of the v,4 and v, in function of P,
¥, AP; e AQ; are calculated in discrete form as

AQs(k R, .
vrq(k) = —c1 %1( ) + L—d)sd —Qik+1)+
+aws PX(k+1) (17)
. AP,(E) L, §
’Urq(k) —C1 T( ) + T w?"/}sd - CIWZQS (k + 1) -

— & Pi(k+1) (18)

where PX(k + 1) and Q%(k + 1) are the future references,
P;(k) and Qs (k) are the measured values at sampling time £,
APy(k) = Py (k+1)—Py(k), AQs (k) = Q3 (k+1)—Qs(k),
c1 = 1/(ksw19sq) and ca = R, [(0ky Lywithsq).
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II. PROPOSED DIRECT POWER CONTROL

The control system consists of NFIS combined with T-S
FLC, i.., for the generation of each component v;; and vy,
there is a NFIS combined with a T-S FLC, as is illustrated in
Figure 1. In a given period of T’y the first generates the required
rotor voltages v,q(k) and v,,(k) from rotor electrical speed
wy-(k) and future references of the active and reactive power;
the second generates the increments Awv,4(k) and Awv,q(k)
and it provides a quick response of the powers and reduces
their errors.

B AP (K) M— AVig (k)
X v Va®
P (k+1) > :T +
» NFIS _—
o (k)
 Nrrs |
Q5 (k+) » v Ve
+ :
00— TS FLO—*
AQs (k) AV ()

Fig. 1. Block diagram of the control system.

A. Adaptative Neural-Fuzzy Inference System and Training

The NFS and the rule base were constructed by an off-line
adaptive neural-fuzzy inference system (ANFIS) [19]. The
structure of the NFIS is based on Takagi-Sugeno [23] and
consists of 27 rules for each one of the components v, (k) and
vy, (k), where each rule’s consequent is specified by a fuzzy
singleton.

The data set for training the ANFIS was obtained from PI
controllers in cascade, were sampled 135 training data for 27
operation point (OP), where different tunings were required
for different operation points. The training data and the DFIG
parameters are shown in Appendix.

According to the property of ANFIS, it is only suitable to
the multiple input and single output system. Therefore, as
the proposed system requires three inputs and two outputs,
then are used two ANFIS: one to provide v, (ANFIS 1)
and another to provide vy, (ANFIS 2). The structure of the
implemented ANFIS is presented in Figure 2 which is formed
by a zero-order Sugeno fuzzy model [23], with rules 27.

— layer 1: All nodes in this layer are adaptive, with the
function defined by

0171' = MAi(Te*m)ai:L:s (19)
Orisz) = WP(QF), i=1,3 (20)
Or(ivs) = n(w), i=1,3 @1

where P}, )% and w, are the inputs in the nodes O; and A;,
B; and C; are the linguistic variables associated with these
nodes. At the implementation the linguistic variables were
denoted triangular function.

— layer 2: The outputs of each node in this layer are the
firing strength w;, that are determined by T-norm operators,

ANFIS 1

A@‘l ; A
LAY 1";':5"

(R

1 Layer 2 Layer 3 Layer 4 Layer 5 Layer

Fig. 2. Implemented ANFIS architecture.

defined by algebraic product (II Neuron).
Oz = w; = [ (B) x p?(@Q))] x n(wr),  (22)

forj=1,2,...,27.
— layer 3: The firing strength of each rule are normalized
via N neuron, resulting in

wj
w1 + ws + w3 + ... + wog

037]' =w; = (23)
for j=1,2,...,27.

—layer 4: All nodes in this layer are adaptive. The outputs
of the nodes are calculated by the product of the normalized
firing strengths and value of membership function for a ”zero-
order Sugeno fuzzy model”,

Ou,; =w;(r;) (24)
for j=1,2,...,27. Where 7; is the parameter of the consequents

of .4 and vy ;.
—layer 5: In this last layer, the output O5 of the neuro-fuzzy
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system is calculated by

27

05 = Z@(j) O4,j

j=1

(25)

Where Os can be vy, or vy,

After training of the ANFIS, the membership functions of
input that allow obtain the voltages v,q and v, are established
by triangular functions, and the consequent of each rule is a
singleton function, as shown in Figures 3 and 4.

Ay —— ANFIS1

- - ANFIS 2

— ANFISI B
TTTANFIS2 2 B

L n L i I
00 320 340 360 380 400 20 440 460

wr (rad/s)

Fig. 3. Membership function for three input.

vra (V)

vrg (V)

Fig. 4. Each rule’s output.

The membership functions generated by ANFIS 1 and
ANFIS 2 after training are equal, as seen in Figure 3.
Therefore we can simplify the system shown in Figure 2 for
the system shown in Figure 5, given the fact that until third
law is equal.

The direct relationship between input (P}, Q% and w;)
and output (v;, and vy,), generated by ANFIS, allowed
to eliminate the current loop and consequently, the current
sensors, but two additional loops are necessary: one that
generates the increment Av,, and another, the increment
Avy,.

B. Proposed T-S FLC

The proposed TS-FLC determines the increments Awv,,
and Awv,4, from the error of active power AP; and reactive
power AQ), respectively. Figure 6(a) shows the membership
functions of input variables formed by three triangular
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%1§v“ X
ANV
\‘ f\“\

1 Layer 2Layer 3 Layer 5 Layer

Fig. 5. Proposed NFIS architecture.
functions: negative (N), positive (P) and zero (ZE). To

activate the necessary rules for the proper performance of the
controller, the gains G5 and G4, are introduced.

AQs and APs

(a) Membership function for inputs.

Av,g and Avrg
-

1 08 0.6 04 02 0 02 04 06 08 1

AQs and AP
(b) Behavior of Av,.4 and Av,4 in terms of AQs and AP;.

Fig. 6. Membership function for inputs AQ, and A P, and behavior
of respective outputs Awv,4 and Awv,, in function of AQ)s and AP;.

For each rule’s consequent, the values of Aw,q and Av,,
are specified by a first-order T-S model. In Figure 6(b) it is
illustrated the behavior of these increments in function of the
variables AQ, and AP, respectively. The outputs of the TS-
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FLC (Av,q and Av,,) act to reduce the respective errors: if
the error of the active power and reactive power is positive
then their outputs will have a decrement: if the error is zero,
the output variable will be zero.

The overall output of the T-S FLC implemented is the
weighted average of the three individual outputs, given by

_ MNAUSZ) + HZEA'UL(;) + MPAUSZ)

Avar(AQs) = UN +pzE + pip
Avy(AP,) = uNAvS]) + uZEAv%) + upAvﬁz) 26)
UN + pzE + pp
where
Av') =11.22 4 12.25AQ),
Av'?) = 10.28 + 0.0048AQ,
Av'® =11.22 - 12.25AQ),
Avll) =11.22 + 12.25AP,
Av(2) =10.28 + 0.0048AP;
Av) =11.22 - 12.25AP, 27)

For the outputs are introduced the gains G ¢ and Gy to
match the values generated by weighting with the actual values
of output variables of the controller. In Figure 7 is shown the
architecture of the T-S FLC implemented.

The rule sets R1, R2 and R3 which set the increments of
Av,.q and Av,, are as follows

R1:IF (AQs or AP;) IS (N) THEN

(Avild) = a(()]) + agl)AQs or Avﬁ}l) = a((]]) + aE])APS)
R2:1F (AQs or AP;) IS (ZE) THEN

(Avi? = a((f) + a?)AQS or Avg) = a(()z) + agz)APS)
R3:IF (AQ, or AP,) IS (P) THEN

(Ao = af) + 0P AQ, or Av® = oY +dPAP) (28)

C. Description of the Implemented Control System

The schematic diagram of the implemented control system
is shown in Figure 8. The stator flux estimation and its angle
61 are performed using the following equations:

Esaﬁ = /(V-Wl3 - stsaﬁ)dta (29)

o, = arctan(wsﬁ) (30)

St
The Neuro-Fuzzy Controller algorithm generates the
reference components vy, and vy, and allow the active and
reactive power to follow their respective reference values.

Fig. 7. Proposed T-S FLC architecture.

These components are expressed in the rotor reference frame
by

Vrmn = Upm + jvrn = Vrdqeje2 (31)

where 65 = 6, — 6, and 6, is rotor angle. To generate the pulse
width modulation (PWM) switching patterns a Space vector
modulation (SVM) is used.

To maintain the operation of the SVM in the linear zone of
operation, the space rotor voltage V:mn(k) is limited by the

voltage limiter block (VLB) can be expressed by following
functions:

[V ()] = Vi () + 032 (F) (32)

AL
6(k) = arctan o () (33)
if |V:mn(k)| >= Vimae then ‘V:mn(k)‘ = Vimaz
U (k) = [V (k)] cos [6(R)] (34)
0l (k) = [V ()| sin [6(R)] (35)

where V4. 1S the maximum voltage the converter can
produce.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The control scheme was initially simulated with software
Matlab/Simulink. The bench for tests comprises a 2.25 kW
DFIG mechanically coupled to the induction motor. The
parameters of the DFIG used are shown in Appendix. The
power control was implemented with a power electronic
converter using insulated-gate bipolar transistor (IGBT) and
controlled by a DSP TMS320F2812 board. The rotor speed
was measured by an encoder of 1500 pulses per revolution, as
can be seen on experimental setup shown in Figure 9. In the
DSP programming, two interruptions were used, as described
in the following:

1) In the interruption of 50 ps are done

— Measurement of line stator voltage and current

and conversion of abc to a3 theses variables;
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01
estimation|
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Qs | calculation Tsap L e
abc
GRID

Fig. 8. Implemented control system.

— Estimation of the angular position of stator flux;

— Calculation of active and reactive power.

2) In the interruption of 200 us are done

— Calculation of rotor speed and position from the reading
of the pulses generated by encoder;

— Execution of the algorithms T-S FLC and NFIS that
generate the values of v;;; and vy, ;

— Transformation of Vr,dq to Vr,mn;

— Execution of the SVM algorithm.

Fig. 9. Experimental setup.

The values of the gains of TS-FLC in the simulation and
experiment are G s=0.7, G;,5=0.9, G ;4=1.5 and G,»,=1.8.

The simulation and experimental results are put side by
side for favoring the comparative analysis. Figures 10(a) and
10(b) show the active and reactive power responses for step
and linear variations and one concludes that the responses,
both simulation and experimental, follow its references. The
respective three-phase instantaneous currents of stator are
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shown in Figures 10(c) and 10(d). One observe that the
rotor currents in Figures 10(e) and 10(f) present a small
difference between the corresponding magnitudes. This fact
is due the difficulty to synchronize the instant of simulation
and experimental tests. Simulated and experimental results of
the d- and g- stator flux and rotor speed are shown in Figure
10(g) and 10(h), where 5y = 0.48 Wb, given by V/wy,
and 1), is zero, as are expected. The rotor speed decreases
approximately 5% of the synchronous speed when the active
power reaches 2 kW.

Figure 11 presents the behavior of the stator phase voltage
and current of the DFIG for the following experimental tests:
1) abrupt change in the active power (Ps=0 — —2 kW) while
the @ s= 0 (Figure 11(a)), and 2) abrupt change in the reactive
power (Qs= 1 kVAr — —1 kVAr) while the P;=—1kW (Figure
11(b)). As can be seen, the proposed Neuro-fuzzy controller
allows to obtain a fast response for the required active/reactive
power (~2ms) and the phase between the current and the
stator voltage is compatible with the nature of power factor,
i.e., current in phase with the voltage for resistive load, lagging
current for inductive load and leading current for capacitive
load.

ChiTT00V Hcha T T00 v (Z[10.0ms | Largura  Alt

ch3 500mv W] 1.00V

(a) Qs=0 VAr and step for active power from 0 to -2 kW.

. 4

Chil 100V wch2 1.00v  Z10.0ms | lLargura  Alt

ch3[ 500mV [@fE 1.00V

(b) Py=-1 kW and step for reactive power from 1 to -1 kVAr.

Fig. 11. Experimental result under stator active and reactive power
steps: stator phase current (4A/div); stator phase voltage (120V/div);
active power (1.5 kW/div); and reactive power (1.5 kVAr/div)

V. CONCLUSION

A controller for direct power control of stator flux oriented
DFIG is proposed to control stator active and reactive power
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Fig. 10. Simulation and experimental results under active and reactive step and linear variations.
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directly without the need of current controller. The controller
based on neural-fuzzy inference system combined to a Takagi-
Sugeno fuzzy logic controller of first order determines the
required rotor voltage components from the stator flux, the
rotor position, rotor speed and the values of active and reactive
power as well as their errors. The advantage of the neuro-
fuzzy controller proposed are its simplicity, low computational
cost and it is characterized as an adaptive control to different
operating points. The proposed Takagi-Sugeno fuzzy logic
controller requires the adjust of four gains instead of eight
gains for PI controllers in cascade: two gains for each of the
four PI.

With the parameters obtained by simulation, the neuro-
fuzzy controller was experimentally tested in a DFIG. Zero
steady state error, fast response of the active and reactive
power, no overshoot, minimal oscillation around the steady-
state operating points confirm the its feasibility, with the
advantage of being rotor current-sensorless.

APPENDIX

DFIG nominal values: 2.25 kW, V,=220 V, f,=60Hz.
Parameters: R;=1.2 2, R,=1.24 Q, L,=98.14 mH, L,=98.14
mH, L,,=91.96 mH and p=4 poles.

TABLE I
Training data

OP P Q: Wy Vg Urg

1 2500 -2500 290 43,52 25,082
2 0 -2500 290 55,18 14,605
3 -2500  -2500 290 66,59 4,325
4 2500 0 290 32,048 15,225
5 0 0 290 44,308 5,242
6 -2500 0 290 56,253 -4,598
7 2500 2500 290 21,806 4,230
8 0 2500 290 34,578 -5,17
9 -2500 2500 290 46,978 -14,498
10 2500 -2500 377 -8,138 15,569
11 0 -2500 377 1,843 15,087
12 -2500  -2500 377 11,550 14,645
13 2500 0 377 -8.9417 5,149
14 0 0 377 1.0951 5,206
15 -2500 0 377 10.85 5,238
16 2500 2500 377 -8.636 -5,281
17 0 2500 377 1.372 -4,684
18 -2500 2500 377 11.102 -4,176
19 2500 -2500 460 -59.798 6,057
20 0 -2500 460  -51.4935 15,57
21 -2500  -2500 460 -43.488 24,964
22 2500 0 460 -49.932 -4,925
23 0 0 460  -42.1185 5,17
24 -2500 0 460  -34.5526 15,076
25 2500 2500 460 -39,078 -14,794
26 0 2500 460 -31,834 -4,199
27 -2500 2500 460 -24,774 6,145

The parameters of the consequents of each rule generated
by ANFIS are given by:
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Urq,; = {66.589; 11.546; -43.488; 56.253; 10.846; -34.553;
46.978; 11.099; -24.774; 55.064; 1.739; -51.575; 44.187,
0.992; -42.196; 34.451; 1.269; -31.906; 43.521; -8.143; -
59.798;32.048; -8.945; -49.932; 21.807; -8.638; -39.078}.

vra,; = {4.325; 14.645; 24.964; -4.599; 5.239; 15.076; -
14.499; -4.176; 6.146; 14.71; 15.092; 15.474; 5.343; 5.206;
5.069; -5.075; -4.69; -4.305; 25.082; 15.569; 6.057; 15.225;
5.149; -4.926; 4.231; -5.282; -14.794}.

Where j=1,2,3,4,...,27.
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