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Implementation of a Neuro-Fuzzy Direct Torque and Reactive
Power Control for Doubly Fed Induction Motor

Abstract. This paper proposes a Takagi-Sugeno neuro-fuzzy inference system for direct torque and stator reactive power control applied to a doubly
fed induction motor. The control variables (d-axis and q-axis rotor voltages) are determined through a control system composed by a neuro-fuzzy
inference system and a first order Takagi-Sugeno fuzzy logic controller. Experimental results are presented to validate the controller operation for
variable speed under no-load and load conditions and stator reactive power variation under load condition. For this last validation, a Pl controller is
used to control the rotor speed, thereby its output is used to manipulate the torque in order to follow the demanded speed value.

Streszczenie. W artykule opisano inferencyjny neuro-fuzzy system Takagi-Sugeno uzyty do sterowania momentem i mocag bierna w podwdjnie
zasilanym silniku indukcyjnym. Przeprowadzono eksperymenty sterowania silnikiem obcigzonym i nieobciazonym.(Zastosowanie systemu neuro-

fuzzy do sterowania momentem i moca bierna w podwdjnie zasilanym silniku indukcyjnym)
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Nomenclature

Tsy T stator and rotor resistances;

Ls, L., L,, stator, rotor, and mutual inductances;

o total leakage factor;

w1,ws2,wy  synchronous, slip, and rotor angular
frequency;

01,025,060,  stator flux, slip, and rotor angles;

P,Q active and reactive power;

Tem electromagnetic torque;

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

v, 1, voltage, current, and flux components;

P number of poles.

Superscripts
* reference value;
estimated value.

Subscripts

s,r stator and rotor;

a, 3 direct- and quadrature-axis expressed at
stationary reference frame;

d,q direct- and quadrature-axis expressed at
synchronous reference frame;

m,n direct- and quadrature-axis expressed at
rotor reference frame;

1,2 synchronous and slip.

INTRODUCTION

Doubly Fed Induction Machine (DFIM) is an attractive al-
ternative to cage rotor induction and synchronous machines
in high power applications. The interest occurs mainly in ap-
plications such as: generator for renewable energy [1, 2] and
motor for ventilation systems and pumps [3]. For such ap-
plications, the stator windings are directly connected to the
three phase grid with constant frequency and the rotor wind-
ings are supplied by a bidirectional power converter. This
one is designed to handle about +25% of the machines rat-
ing [1], becoming attractive the utilization of DFIM in large
power systems.

Among all methods of electromagnetic torque and re-
active power control for DFIM, the direct control techniques
have become the preferred strategies for high dynamic per-
formances. The techniques consist of an algorithm that gen-
erates directly the required rotor control voltage and their er-
rors.

Based on the technique of Direct Torque Control (DTC)
applied to induction machines [10], the Direct Power Control
(DPC) using hysteresis controllers associated with a switch-
ing table was the first control strategy applied to the DFIM
[5, 6]. These controllers have the disadvantage of operat-
ing with variable switching frequency. This fact is overcome
in [7], where the constant switching frequency is obtained by
calculating the required rotor control voltage for each switch-
ing period from the estimated stator flux, stator active and
reactive power, and their errors.

The control strategies based on fuzzy controllers, neu-
ral network, and neuro-fuzzy have been implemented suc-
cessfully in several electrical drive applications. For instance:
DTC applied to a induction motor [11, 20] and permanent
magnet synchronous motor drives [12, 13]. With regard to
generators, in [14, 15, 16] are presented an independent con-
trol of the active and reactive power based on PI controllers
with neuro-fuzzy gain schedulers. In these controllers, both
proportional and integral gains are scheduled based on the
error signal value of the speed, active, or reactive power.

In this context, this paper proposes a neuro-fuzzy con-
troller based on direct torque and reactive power control for
DFIM. Differing from [17], in this paper the control strategy
is applied to DFIM as a motor instead of generator.The con-
troller proposed consisting of a Neuro-Fuzzy Inference Sys-
tem (NFIS) combined to Takagi-Sugeno Fuzzy Logic Con-
troller (T-S FLC). From electromagnetic torque, stator reac-
tive power, and rotor speed, the NFIS generates the direct
and quadrature axes reference values of rotor voltage com-
ponents in the stator-flux-oriented reference frame. The T-S
FLC determines the increments in the voltage rotor compo-
nents necessary to minimize the electromagnetic torque and
stator reactive power errors.

This paper is organized as follows: Besides the introduc-
tory section, Vector control of DFIM is shown in section ; The
proposed control scheme is presented in section ; Main sim-
ulated and experimental results are considered in section in
order to validate the proposed control scheme; and Finally,
section concludes the work.

BASIC CONCEPTS OF DFIM VECTOR CONTROL
Stator-flux-oriented control

The modeling of DFIM is obtained at Stator-Flux-
Oriented (SFO) reference frame. This approach implies the
alignment of the direct axis with the stator flux vector, i.e.,
Vg 44 = sa, and therefore, 14,=0. In this way, the stator and
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rotor voltages, stator and rotor flux linkages equations can be
written as:

(1) Vidg =Tslsdq + d:ﬁ;d + jw1¥sd
) Vg = rrlraq + dEth’dq + jwathy. gq
(3) Vs,aq = Ysd = Lols.dg + LinIrdq
@ Urag = LrTrdg + LinTs.aq

According to the equations (3) and (4), the stator and
rotor currents can be calculated as:

T {lpsd kr -
IS = —
(5) ,dq O'Lg O'Ls wr,dq
- %r d ks
6 Ihgg=—"— s
© g = = iy

The electromagnetic torque, stator active and reactive
power can be expressed by:

3p - s
) Ton = 559m(Toag 2 aq)
(8) Py ="Re(Vyag 1,40
3. — o
9) Qs = _‘Sm(V&dq : Is,dq)

Under balanced grid voltage condition, taking into con-
sideration equation (1), and if the voltage drop across the sta-
tor resistance is neglected, the equation for the stator voltage
in steady-state conditions is given by:

(10) Vs,dq = jwlwsd

It represents that the stator flux 154 is a constant de-
termined by the supply voltage magnitude and synchronous
frequency wi. Therefore, from equations (3), (7), (8), and
(10), the electromagnetic torque and stator active power can
be expressed, in terms of rotor current component ¢4, as:

3pLm .

(11) Tem - 755[/_311)8(127‘(1
3 Lm .

(1 2) Ps = - § _wlwsdqu

From equations (10) and (9), the stator reactive power
can be given by:

(13) Qs = 5 —wiYsq| = — ird

2 (B2~ ira)

180

As a result, the model according to the orientation of
the stator flux allows independent control of electromagnetic
torque/stator active and reactive power through the rotor cur-
rent components. In summary, T, or P is controlled by ¢,.,
and Qs by i,.4. Therefore, the rotor current components can
be controlled to regulate the electromagnetic torque/stator
active and reactive power.

Direct torque and reactive power control

In contrast to Stator-Flux-Oriented Control (SFOC),
which the rotor current components are used as control vari-
ables, in DTC, the rotor flux components are used as control
variables. From equations (5), (10), (7), and (9), the electro-
magnetic torque and stator reactive power can be expressed
by:

(14) Tem = _gkadjsddjrq

(15) Qu = kotwrtbua(tra — 7 )
Ly,
where: k, = 1.5 L,,, /o LsL,.

It is observed that the electromagnetic torque and stator
reactive power are controlled by the rotor flux components
1Urq and 1.4, respectively, due to 154 to be constant. For a
clear understanding, it is used a vector diagram of DFIM, that
is shown in Fig. 1, where the d,; is the angle between rotor
and flux vectors.

Such as occurs in the Squirrel Cage Induction Motor
(SCIM), one technique to implement a DTC strategy for
a DFIM is to use hysteresis controllers associated with a
switching table. The essential part of this strategy is to put the
electromagnetic torque and stator reactive power control in
closed-loop through two hysteresis controllers. The selection
of rotor voltage vector is based on the stator flux. However,
the presence of hysteresis controllers in this strategy has the
disadvantages of producing variable switching frequency of
the Pulse Width Modulation (PWM) inverter.

In order to improve this strategy, it is proposed a DTC
with Space Vector Modulation (SVM) schemes. The DTC-
SVM strategies operate at constant switching frequency and
depend on the applied torque and stator reactive power con-
trol algorithm. On the contrary of DTC algorithm, that uses
hysteresis controllers associated with a switching table, the
DTC-SVM strategies are based on average values of rotor
voltage. Basically, the controllers provide the required rotor
voltage vector, and then, it is performed by SVM technique.

Besides the technique proposed in this paper, there
are several implementations to determine this voltage, for
instance: Pl controllers scheme, predictive/deadbeat, and

based on logic and/or neural networks, among others.
q

Fig. 1. DFIM vector diagram.
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PROPOSED DIRECT TORQUE AND STATOR REACTIVE
POWER CONTROL BASED ON NEURO-FUZZY STRAT-
EGY

From the electromagnetic torque and stator reactive
power references, the control strategy based on neural-fuzzy
inference system calculates the required rotor voltage com-
ponents vy, and vy,,. The input variables of control strategy
are Ty, Q% and rotor angular speed w,. To minimize the
error of steady-state and to have a fast dynamic response at
torque and stator reactive power is added a Takagi-Sugeno
fuzzy logic controller, which determines the increment nec-
essary in the components of direct axis and quadrature rotor
voltage Av,4 and Av,..

Adaptive neural-fuzzy inference system and training

The rules base and membership functions are obtained
in an automated process by an Adaptive Neural-Fuzzy Infer-
ence System (ANFIS) by using input-output data set. The
parameters associated with the output and input member-
ship functions are adjusted by the combination of backprop-
agation learning algorithm with a least squares type algo-
rithm [22].

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, it is
necessary to use two ANFIS: one to provide v;;; (ANFIS 1)
and another to provide v:q (ANFIS 2).

ANFIS 1

! ! ! ! !

layer 1 layer 2 layer 3 layer 4 layer 5

Fig. 2. Implemented NFIS architecture.

Fig. 2 shows this structure, when can be observed that it
contains eight fuzzy Takagi-Sugeno if-then rules [23] and two
membership functions for each input variable. The functions
of the nodes for each layer are described as follows:

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

(16) O1; = pi(Tr,), i=1,2
(17) O1i+2) = p2(QL), i=1,2
(18) O1,(i4a) = p (w,), i=1,2

where: T}, Q% and w, are the inputs in the nodes O, and
A;. The B; and C; are linguistic variables associated with
these nodes. At the implementation the linguistic variables
are 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,
defined by algebraic product (II Neuron).

(19) 02 =wj = [p(T,) x 1P (Q%)] x p(w,),

for j=1,2,...,8.
— Layer 3: The firing strength of each rule are normalized via
N neuron, resulting in:

Wy
wy + wy + w3 + ... +wg’

(20) Og’j =w; =
for j=1,2,...,8.

— 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 first-
order Sugeno fuzzy model.

(1) Oy =wj(p; - Te, + ;- Q5 + 15 - wr +55)

forj=1,2,...,8. Where: Oy, j iS Uyq,j Of Urq 5, and pj, g5, 75, 75
are the parameters of the consequent parameter set.

— Layer 5: In this last layer, the output O5 of the neuro-fuzzy
system is given by:

8
05 = Z w(7) Ou,;

J=1

(22)

. f * *
where: Os is vy, or vy,

Training data

The required input-output training data are obtained from
a DFIM employing PI, using for this a SFOC simulation. Fig. 3
illustrates this system. From this simulation is sampled 135
training data for 27 Operation Points (OP), as shown in Ta-
ble 1.

As presented in Fig. 5, the membership functions gen-
erated by ANFIS 1 and ANFIS 2, after training, are equal.
Therefore, it simplifies the system shown in Fig. 2 for the
compact one shown in Fig. 4. The parameter set of the jth
node (p;, q;, i, and s;) in layer 4 generated by ANFIS 1 and
ANFIS 2 are given by:

[0.94568 — 0.00472 0.02345 1.81163]
[-0.55573 —0.00472 0.02356 — 1.08688]
vra3 = [0.94556 0.00471 0.02353 1.81163]
vraa = [—0.55521 0.00473 0.02348 — 1.08688]

[

[

[

[

Urd,1

Urd,2 =

Uras = [1.01839 —0.00513 0.00849 1.96272]
vrae = [—0.62355 —0.00513 0.00846 — 1.17759]
vra,7 = [1.01851 0.00513 0.00847 1.96272]

Urd,8 —0.62407 0.00512 0.00848 — 1.17759]
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Fig. 3. SFOC implementation schematic.

Urq,1
Urq,2
Urq,3
Urq,4
Urq,5
Urq,6
Urq,7

Urq,8

[
[
= |
= [0.30335
[
[
[
[

0.30424 0.00427

—0.00101

0.40813 —0.00428 —0.00097 56.39471]
—0.00108 — 33.83683]
0.40804 0.00429 — 0.00105 56.39471]
—0.00428 — 33.83683]
—0.49505 —0.00465 — 0.05879 56.32524]
0.23448 0.00466 — 0.05877 — 33.79539]

—0.49514 0.00465 — 0.05877 56.32524]

0.23537 —0.00466 — 0.05878 — 33.79539]

Table 1. Training data

OoP T, Q:f wr ’uij v
1 -13 -2200 471.25 27.611 -47.695
2 0 -2200 471.25 17.232 -57.736
3 13 -2200 471.25 66.59 4.325
4 -13 0 471.25 32.048 15.225
5 0 0 471.25 44308 5.242
6 13 0 47125 56.253 -4.598
7 -13 2200 471.25 21.806 4.230
8 0 2200 471.25 34.578 -5.17
9 13 2200 471.25 46.978 -14.498
10 -13 -2200 377 -8.138 15.569
11 0 -2200 377 1.843 15.087
12 13 -2200 377 11.550 14.645
13 -18 0 377 -8.941 5.149
14 0 0 377 1.095 5.206
15 13 0 377 10.850 5.238
16 -13 2200 377 -8.635 -5.281
17 0 2200 377 1.371 -4.684
18 13 2200 377 11.101 -4.176
19 -13 -2200 282.75 -59.797 6.057
20 0 -2200 282.75 -51.493 1557
21 13 -2200 282.75 -43.488 24.964
22 -18 0 282.75 -49.931 -4.925
23 0 0 282.75 -42.118 5.17
24 13 0 282.75 -34.552 15.076
25 -183 2200 282.75 -39.078 -14.794
26 0 2200 282.75 -31.834 -4.199
27 13 2200 282.75 -24.774 6.145

The proposed T-S FLC
The proposed T-S FLC determines the increments Av,.,
and Aw,4 from the error of electromagnetic torque ATy,

182

and stator reactive power AQg, respectively.
shown the implemented architecture of the T-S FLC.

In Fig. 6 is

The architecture uses two gains for the inputs with fixed
values (G and Ggs) and for the outputs are introduced
the gains G,-¢ and G4 to match the values generated by
weighting with the actual values of controller output variables.

Membership functions

Fig. 7(a) uses a triangular membership functions for both
inputs, where linguistic values are negative (NV), positive (P),
and zero (Z F).

The fuzzy rule base
The T-S FLC has three rules (R1, R2, and R3). The set
of Av,q and Awv,, increments appears as follows:

Fig. 4. Proposed NFIS architecture.

1(Town)

Q)

Fig. 5. Membership function of three inputs.

R2:IF (AQ, or AT,,,) IS (ZE) THEN
(802 = @ +aDAQ, or Av® = o + a®AT,,)

R1:IF (AQ, or AT,,,) IS (N) THEN
(B0 = o 40V AQ, or A = o + aVAT,,)

)/

Al

“‘\

A

A\

A2

R3:IF (AQ, or AT.,,) IS (P) THEN
(AE) = ol + aP' AQ, or Av®) = af) + alP AT,,,)

% *
?em, Q5 wr

Bl

B2

I
329.875

I
377
w,(rad/s)

I
424.125

1
471.25
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SR = 0 53 i s 0 o g

= AQ,, AT, AQs, AT,y

(a) Membership function for (b) Behavior of Aw,; and

inputs. Awvrg in terms of AQs and
ATem.

Fig. 7. Membership function for inputs AQ, and AT, and behav-
ior of respective outputs Av,.q4, Avyg in function of AQS and ATe,.

For each consequentrule, Av 4 and Avr

by a first-order T-S model:

are specified

AvlY) = 11.22412.25AQ,
A0 = 10.28 4 0.0048AQ),
A = 11.22-12.25AQ,
Avl) = 11.22+ 12.25AT,,,
Av? = 10.28 + 0.0048AT,
(24) Av®) = 11.22 - 12.25AT,,

Fig. 7(b) illustrates the behavior of the output variables
Awv,q and Av,.4, which depends on the input variables AQ
and AT, respectively.

Aggregation process

The output of T-S FLC acts to reduce the error. If the
error of the electromagnetic torque and stator reactive power
is positive, then, their outputs will have a decrement. If the
error is zero, the outputs will be zero.

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

A A (2 ) A (3)
Aopa(AQy) = M¥A Tzl + prdv,
,uN + uzE + np
A A (2) A (3)
(MT'q(ATem) = il U + BzEUrq i Hpatrg

UN + pzE + pp

In T-S FLC controller, it is not necessary the defuzzifi-
cation interface [24]. This occurs due to in Takagi-Sugeno
fuzzy controllers each rule is already crisp and the total re-
sult is determined by the weighted sum of each rule, as is
shown in equations (25).

Description of the implemented control system

In DFIM applications as motor, the speed control may
be appropriate. Therefore, a speed control loop is em-
ployed by the use of a Pl controller, in which delivery the de-

manded value for the reference electromagnetic torque. The
schematic of the proposed DTC strategy is shown in Fig. 8.

The three-phase stator voltage and currents are mea-
sured and converted to the stationary reference frame
(abc = af3). The electromagnetic torque and stator reactive
power are calculated using equations (8) and (9). The stator
flux angle 6, is calculated from the stator flux estimated using
the equation (26).

(26) ¢s,aﬁ = /(Vs,a,ﬁ - RsIs,a,B)dt

In a practical implementation, the stator flux must be es-
timated using a low-pass filter to avoid offsets. The signal
control references, v;; and v}, are obtained using the NFIS
and T-S FLC algorithms. Thereafter, they are converted to
the rotor (mn) reference frame using the stator flux and rotor
angles given by:

(27) Vr,mn(k‘) — Vr,dq(k) . I0s (k) =0, (k)]

The control algorithm output yields the references val-
ues of the d-axis and g-axis rotor voltage, v}, (k) and v’ (k).
Then, they are transformed into their two-axis components in
the rotor reference frame (v, (k) and v}, (k)). Thereafter,
these signals are used to generate the PWM switching pat-
terns by a SVM.

To maintain the operation of SVM linear, the rotor voltage
vector VT mn (k) is limited by a Voltage Limiter Block (VLB),
that can be expressed by:

*

(28) V()] = V032, (k) + vz2 (k)

(29)

if |Vr mn( )| >= Vr,mar(k) then |V:mn(k)| :Vr,maz(k)

(30) Vi (k) = V7

k)| cos (k)
(31) Ui (k) = [V o (k)| sin0(k)

SIMULATED AND EXPERIMENTAL RESULTS

This section presents simulated and experimental re-
sults in order to validate the proposed DTC control strategy.
With this objective, it is chosen and performed four tests. The
experimental setup comprises a 2.25 kW DFIM mechanically
coupled to a DC machine as load. The DFIM parameters
are given in Table 2. Initially, the DFIM is starting with the
rotor windings short circuited, i.e., during motor start the con-
verter is disconnected from the rotor winding. As the con-
verter is designed to support approximately 30% of the nom-
inal power, it is used to prevent that the converter has high
currents at this motor start.

A power electronic converter comprised of Insulated-
Gate Bipolar Transistor (IGBT) switches is used to supply
the machine rotor. The DTC strategy is implemented with a
Texas Instruments (T1) board (DSP TMS320F2812). In Dig-
ital Signal Processor (DSP) programming, two interruptions
are used: 1) Interruption of 50us for voltages and currents
measurements, abc to a8 conversion of these variables, and
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Fig. 8. Neuro-fuzzy controller for direct torque control.

angular position estimation; 2) Interruption of 200us for cal-
culation of rotor parameters (speed and position) through
reading pulses generated by encoder, execution of the al-
gorithms T-S FLC and NFIS that generates the values of v,

and v}, transformation of V. 4 t0 V. ;np, and finally the
execution of SVM algorithm.

Although the setup used in the experiments has shown
significant noise, it can be stated that the results obtained in
real time demonstrate the feasibility and some potential for

use of the proposed strategy in real time.

Table 2. DFIM nominal values and parameters
Ps, Vs, fs 225 kW, 220V, 60 Hz
Ts, T 1.2Q, 1.24Q
Ls, Ly, Ly, 98.14 mH, 98.14 mH, 91.96 mH
P 4

Comparison between proposed control strategy and
SFOC strategy

In this section the performance of proposed control strat-
egy was compared with SFOC strategy based cascaded PI
controllers. For operation at constant speed, the simulation
test are electromagnetic torque and reactive power steps. In
Figures 9 show that the electromagnetic torque and reactive
power of stator follow their respective references, however
during the transient, the proposed DPC shows a better per-
formance compared to the SFOC, which has a faster dynamic
response without overshoot and without coupling.

Performance test for the control strategy

In this first test, simulated and experimental results are
verified to evaluated the steady-state performance and dy-
namic response of the control strategy. Initially, simulations
are performed as tuning tests for the gain values Gy, Gps,
Gyrd, and G, of the T-S-FLC. The results are presented
side by side for a better comparison. Fig. 10 shows results
for torque reference alternately varying from 10 Nm to -10
Nm, inside a period of 100m seconds, while the stator reac-
tive power reference is maintained at zero level. For this test
the DFIM is driven by a SCIM directly connected to the grid,
i.e., without speed/torque control. Fig. 10(a), (b), (g), and (h)
show the torque and stator reactive power responses. It can
be noted that both, experimental and simulated responses
perfectly follow their respective references.

The three-phase instantaneous stator and rotor currents
are shown in Fig. 10(c), (d), (i), and (j). Fig. 10(e) and (I) show

GRID
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(a) Proposed control strategy.
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Fig. 9. Simulation result to comparison of proposed control strategy
and SFOC strategy.
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the phase change between stator voltage and current, due
to alteration of operating mode, from motor (positive torque)
to generator (negative torque). Fig. 10(f) and (m) show the
speed change, caused by torque manipulation. Depending
on the torque balance between the SCIM and the DFIM, the
machine sets accelerates or decelerates.

Speed change test under no-load conditions

In this second test, the speed control is triggered. Fig. 11
shows the response for the speed reference trapezoidal pro-
file varying around +15% of synchronous speed and with
stator reactive power reference set to 0 VAR. In Fig. 11(a)
and (b) are shown that the experimental response for rotor
speed and stator reactive power follow their reference pro-
files. The torque is manipulated in order to follow the de-
manded speed value. This situation is shown in Fig. 11(c),
where the change of speed corresponded to the inversion of
the torque. In addition, as there is no-load, when the speed
is constant the torque is zero. Finally, the three-phase instan-
taneous stator and rotor currents are shown in Fig. 11(d) and
(e), respectively.

Time (s)

(a) Rotor speed

Q. (KVAR)
&
oo o
§ T

24
Time (s)

(b) Stator reactive power

24
Time (s)
(c) Electromagnetic torque

24
Time (s)
(d) Three-phase stator current

24
Time (s)
(e) Three-phase rotor current

Fig. 11.  Experimental results under speed trapezoidal profile and
stator reactive power set to 0 VAR with no-load machine.

Load test

In this third test, the load used is a DC machine operating
as generator. The response for a 9 Nm load torque is shown
in Fig. 12, with the motor operating at 192 rad/s and the sta-
tor reactive power reference equal to 0 VAR. The speed re-
sponse, Fig. 12(a), shows a null steady-state error. Fig. 12(b)
and (c) shows stator reactive power and torque, respectively.
It can be verified that the torque T,,, increases to account for
load torque. In Fig. 12(d) and (e) is shown the three-phase
instantaneous currents of stator and rotor, respectively. The
load insertion causes a current increase as expected.
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Stator reactive power change test under load conditions

In this last test, the Fig. 13 presents the capacity of pro-
posed DTC control technique to operate with changes in sta-
tor reactive power. For this, the speed reference is main-
tained constant at 192 rad/s with a load torque of approxi-
mately 10 Nm, as can be seen in Fig. 13(b). In Fig. 13(a), the
stator reactive power reference is changed from 0 kVAR to 1
kVAR, and then from 1 kVAR to -1 kVAR, in this way, reach-
ing three modes of power factor (unit, inductive, and capaci-
tive). Positive stator reactive power indicates a lagging stator
power factor, so that inductive power flows from the grid to-
wards the machine as excitation power, whereas a negative
Qs indicates leading stator power factor. The phase change
between stator voltage and current in the instances in which
the stator reactive power changes from 0 kVAR to 1 kVAR
and from 1 kVAR to -1 kVAR. This result is shown in Fig. 14.

Time (s)
(a) Rotor speed

Q. (KVAR)

Time (s)
(b) Stator reactive power

T

- .
0 12 24 ~ 36 48 6
Time (s)

(c) Electromagnetic torque

| | | | |
Time (s)
(d) Three-phase stator current

Time (5)
(e) Three-phase rotor current

Fig. 12. Experimental result to load test of 9 Nm.

Time (s)

(a) Stator reactive power

Time (s)

(b) Electromagnetic torque

Fig. 13. Experimental result to stator reactive power change under
load conditions.

In order to conclude the analysis, it is observed that the
reference signal appears with noise in all experimental re-
sults, including the PI reference (speed - Fig. 11). This oc-
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Fig. 10. Simulated (a, b, ¢, d, e, and f) and experimental (g, h, i, j, I, and m) results under various torque steps with stator reactive power
reference maintained at zero level.
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(a) Stator phase voltage and current for change in reac-
tive power from 0 kVAR to 1 kVAR

(b) Stator phase voltage and current for change in reac-
tive power from 1 kVAR to -1 kVAR

Fig. 14. Stator phase voltage and current to test of stator reactive
power change under load conditions.

curs due to common mode noise and electromagnetic inter-
ference at experimental setup. As the signals are directly
obtained from the DSP trough a Digital-to-Analog Converter
(DAC), and as DSP board, signal board, and electrical cables
are not shielded, it is acceptable this level of noise that con-
taminates the results. However, it is important to note that
the control strategy maintains itself operational even with this
undesired noise level.

CONCLUSION

In this paper was proposed a control scheme that com-
bines NFIS with Takagi-Sugeno fuzzy logic controller. This
strategy has shown that is possible decoupling torque and
reactive power control of a DFIM by direct manipulation of
rotor voltages, without the need of current controllers. The
simulated and experimental results confirm the effectiveness
of the control during several operating conditions. The per-
formance is good, inclusively attending the requirements of
fast dynamic response and minimal oscillation around the
steady-state. Thus, this control strategy is an interesting tool
for DFIM operational applications as motor.

The required input-output training data are obtained from
a DFIM employing PI controllers cascaded, using for this a
SFOC simulation. This in turn implies that the computational
intelligence is forced to mimic the behavior of the classic Pl
control system, with the advantages of using only one control
loop (advantage of not requiring current sensors), which is
the power, unlike the control strategies using PI cascaded,
which use two control loops. Moreover, proposed control
strategy has met fast dynamic response.
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