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Direct Torque Neuro-Fuzzy Control of An Induction Motor
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ABSTRACT

In this article a direct torque of the induction motor drive controlled by Neuro-Fuzzy system.
The proposed control scheme uses the stator flux amplitude and the eleciromagnetic torque
errors through an adaptive Neuro_fuzzy inference system (ANFIS) to act on both the amplitude
and the augle of the desired reference voltage. Simulation results by using ANFIS are compared
with those of the conventional direct torque control (DTC). The comparison results of Direct
torgque Neuro-fuzzy controller (DTNFC), illustrate the reduction in the torque and stator flux
ripples. The validify of the proposed method is confirmed by the simulative results.

Keywords: adaptive neuro-fuzzy inference system(ANFIS), direct torgue control, induction
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L.Introduction

Induction motors are today the most
widely used ac machines due to the
advantageous mix of cost, rellability, and
performances, Induaction motor
characterized by compiex, highly non-
linear, time varying dynamics,
inaccessibility of some states and output for
menasurementis and hence can be considered
as a challenging engineering problem[16].
The advent of torque and flux comtrol
techniques have partially solved induction
motor ¢ontrol problems, because they are
sensltive to drive parameters variations and
performance may deteriorate if
conventional controllers are uvsed. Among
many control methods of induction
machines, ome of the most important
method is the Direct Torque Control
MOTCH17]. The DTC technigue i3
intrinsically sensorless{3]. It can provide a
very fast, accurate, reliable flux control and
torque responses, and it is one of the most
important three-phase induction motor
control method{17). The basic concept of
direct torque control of induction motors is
investlgated in order to emphasize the
effects produced by a given voltage vector
on stator flux and torque variations. In
DTC, the torque and stator flux are

regulaied to their command values by
selecting the switching state which gives the
proper changes in the torque and flux.
There have been some DTC-based
strategies, e.g. voitage-vector selection using
switching table, direct self-control, and
space-vector modulation [1),[2]. The
voltage-vector selection strategy using a
switching table is widely researched and
commercialized, because it is very simple in
concept and easy to be implemented. The

proper voltage vector selection is based on

the error in electromagnetic torque, error in
stator flux and the position of the stator fiux
vector. In the conveational DTC scheme the
system makes no difference between a very
small and refatively large error of torque
and/or Aux, The switching states chosen for
the large error that occurs during the
startup or during a step change in torque
command or even flux commmand are the
same that have been chosen for the Gipe
control during normal operation. This may
cause o lightly slower response during the
start-up and during a step change in electric
torque or stator flux. This was the reason of
attempting to propose a new approsch for
direct torque tontrol (DTC) based on "the
systems respoase cam be improved using
different error levels when both the ranges
of torque and flux error are considered"[3].
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2. Modeling of Induction motor

The dyaamic behavior of an induction
motor is compiex due to the coupling effect
between the stator and rotor phases. Fig
Loutllues the dynamic d-q equivalent
circyits of an induction machine{18].
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Fig. 1. Dynamic d-q equivalent circuits of an
induction machine (a) d-axis circuit, (b} g-axis
circuit.

The electrical transient model in terms of

voltages and currenis can be given in matrix
form as:
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*s’ represents the Laplace operator, d /df.
The mathematical model of the indauction
motor can also be rearranged with the
stator and rotor carrenis set as the siate
variables.
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The speed wr in the above equaticns is
related fo the forque by the following
mechanical dynamic equation,

T TM+J"?" L. 3)
pdt

Where J = combiaed rotor and load inertia,
amd wm = mechanical speed. The torque
equation In stationary reference {rame can
be written as;

3 F Zhvr =
Te=5‘2—‘}’s Xis (4)
Im terms of stator and roter currents, the

torque can be written as:
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T, = %-;’-Lm(s,,,f,q ~iig) ®)

3. DTC principles

The DTC scheme is given in Fig. 1, the
flux error ep and torque error €T signals
are delivered to two hysteresis comparators.
The two level hysteresis comparator will
produce flax error status, which can be
either 1 or 0, when the estimated fAux
touches the lower band the flux error status
is 1, which indicates that the actual flux
feeds to be increased and the appropriate
voltage vector should be selected. The
Three-level hysteresis will produce torque
error status. which can be efther 1 or 0 or -1
,when the torgme increases and reaches the
upper band, it is better to decresse the
torque as slowly as possible to reduce the

inverter(VSI) switching frequency. The
corresponding digitized output variables:
change of magnetic flux Ag , of mechanical
forque A T and the sistor flux angle O,
created a digital word, which selects the
appropriate  voltage vector from the
switching table[I1B), The switching tabie
genevates pulses Cl, C2 , C3, to control the
power switches in the inverter. Three-level
torque and two level flux hysteresis
controllers are used according io the
outputs of the torque controller and the
sector information (S ) of the stator flux ps
, appropriate voltage vectors for both the
inverters are selected from a switching tabie
as it is shows in Tab,1 [4]

Direct voltage
2 Ievel' Cl
™ hysteresis | A .
switching
Al lable V3l F
3 level L
hysleresis
Uo
Vsd,
Vsq
vector
Ll, transformation
lagq

Fig. 2. Block diagram of the induction motor
drive system based on DTC scheme

Where Is,,,: the three phase stator current.
V.ot the three phase voliage.
V.V : stator voltage componeats on
perpendicular (d.q) axis.
Layd,y: stator current components on
perpendicular (d,q) axis.
U0: Direct voltage
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3.1 Three phases voltage inverter

In a voltage fed three phases voltage
inverter as shown by fig. 3, the switching
commands of each inverter leg are
complementary. So for each leg a logic state
Ci (3=1,2,3) can be defined. Ci is 1 if the
upper switch is coompanded to be closed and
0 if the lower one is commanded to be close.
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Fig. 3. Three phase voltage inverter
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Fig. 4 Partition of the d, q plane into six
sectors

Since there are 3 independent legs there will
be eight different s{ates, so 8 dif{ferent
voltages. .

Applying the vector transformation
described as:

21 4[1
Vs=gvo[c,+cze’3 +Ce' 3} ©)

As it can be seen in fig 4, there are six
nonzere voltage vectors and two zZero
voltage vectors which correspond to (CI,
C2, C3)= (111)/ (000} as shown by Fig3
{5L,[6].

3.2 Stator flux control

Stator voltage components (Vs,Va) on
perpendicular (d,q) axis are determined
from measuared values (U. and Liabe). Boolean
switching controls {(C1,C2,Cs,) by, [7],]5):
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And stator current components (Ls,lsq) :

2
lu = 31 )

1
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The stator resistance(Rs) can be assumed
constant during a large number of converter
switching periods Te. The voltage vector
applied to the induction motor remains alsa
consiant during one period Te. The stator
flux is estimated by integrating the
difference between the input voitage and the
voltage drop across the stator resistance as
given by equation (11):

gs = [los - RTs)i (an

To select the voltage vectors for controlling
the amplitude of the stator flux linkage, the
voltage vector plane is divided into six
regions, as shown in Fig.4. In each region,
two adjacent voltage vectors, which give the

minimam switching frequency, are selected

to increase or decrease the amplitude of
stator flux , respectively. For instamce, the
vectors V4 and V3 are selected to increase
or decrease the amplitude of stator flux
when it is in region number 1, as shown in
Fig.4. In this way, amplitude of stator flux
can be controlled at the required value by
selecting the proper voltage vectors .Voltage
vectors are selected for keeping the
maguitude stator flux and electromagnetic
torque within a hysteresis band {8].

3.3 Stator flux and torque estimation

The magnitude of stator flux, which can be
estimated by (12),(13):

\ (;,d —Rsl }ﬂ
(Veo = RSToq it

The stator flux linkage phasor is given by:

¢S = ¢sd2 + ¢.sq2

By com;;aring the sign of the components
stator flux (P, @,;) and the amplitude of
stator Mlux, we can localize the zone where
we find the flux. Electromagunetic torque
calenlation uses flux components (12),(13),

(2)
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current components (9),(10) and £, which is
the pair pole number of the induction
machine {6 89]:

Tem = P ¢sd1sq _¢sq[sd) (15)

As shown in Figd, eight switching
combinations can be selected in a voltage
source inverter, two of which determine
zero voliage vectors and the others generate
six equally spaced voltage vectors having the
same amplitude. According to the priaciple
of operation of DTC, the selection of &
voltage vector is made to maintain the
torque and stator flux within the limits of
two hysteresis bands. The switching
selection table for stator flux vector lying in
the first sector of the d-q ptane is given in

Tab,1{7],{5].
seclor i ZT 3 4 5
flux | torgu
£
Apel | AT=1] v2 | wal w4l vs| vé| vi
AT=0 | Vi | V6| vi| vo | vi| vo]
AT=1| ¥6| V1| vi| vi| vd[| w5
A | a1=1] V3| va| V5| v6| vi| va
AT=0 | VO | vI!| v8 | vi| v6 | v7
( J AT=-1 vﬂ ve | vi| v2| val w4

Tab.1 : Optimum switching table

4, Direct torque Neuro-Fuzzy

controller

4.1. Principles of ANFIS

Neuro_fuzzy network system combine
the advantageous of neural network and
fuzzy logic systern. Neural network provides
connectionist  struciure and learning
abilities to the fuzzy logic systems, and the
fuzzy logic systems provide neural networks
with a structural framework with high-level
fuzzy IF-THEN rule of thioking and
reasoning. Neural neftwork-based fuzzy
systems, NF have the learniug ability of
neurai networks to realize the fuzzy logic
juference system, are gained popularity in
the control of nonfinear systems[10{. The
adaptive NF inference system (ANFIS) is
one of the proposed methods to combine
Fuzzy logic and artifficial neural networks.
Fig.5 shows the adaptive NF [nference
system structure. It is composed of five
functional bloeks (rule base, database, a
decision makirg unit, a furzyfication
interface and a defozzyfGcation interface)
which are generated using five network
layers:
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Fig. § Two-input NF controller structure,
Layer 1: This layer is compozed of a

number of computing wnodes whose
activation functions are fuzzy logic
membership functions (triangular
functions).

Layer 2: This layer chooses the minimum
value of the inputs,

Layer 3: This layer normalizes each input
with respect to the others (The #& node
output is the igh input divided by the sum of
all the other inputs),

Layer 4: This layer’s /it wode cutput is a
linear function of the third layer’s ith node
output and the ANFILS input signals,

Layer 5: This layer sums all the itcoming
signals. The ANFIS structure can be tuned
automatically by a least-square estimation
(for oatput membership functioas) and &
back propagation algorithim (for output and
input membership fanctions){11],

4.2 Structure of DT'C System Based ANFIS
The proposed ANFIS logic controllers have
three variable imput , the stator flux ervor
&9, electromagaetic torque error £T, and
angle of Mux stator 8¢ , the output i« the
voltage space vector . The block scheme of
the proposed self-tuned direct torque newro-
fuzzy coatroller (DTNFC)} for a voltage
source inverter fed induction motor s
presented in Fig. 6. The internal structure of
the NFC is shown in Fig. 7.
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Fig. 6 Direct Torque Neuro Fuzzy Controller
scheme.
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Fig. 7 Proposed Neuro Fuzzy Controller

Structure.

In the first layer of the NF structure,
sampled flux error £¢ ,torque error g1 and
flux angle ©,, multiplied by respective
weights , are each mapped through three
fuzzy logic membership functions. These
functions are chosen to be triangular shaped
for all the inputs flux error e ,torque error
sT and flux angle ©, where it is given a
good outputs compared the others
membership [unctions as shown in Fig.
8(a,b,c). For more accuracy, the universe of
discourse of the stator flux vector position
{6s) is divided into twelve fuzzy sets denoted
{G1 ) to (012 ), as shown in fig 8(c).

The second layer calculates the minimum
error value of three input weights by
determines the firing strengths of the rules
and given as:

#4 =mingz), (60), pp(eT), 5 09)  (16)

The third layer calculates the weight which
is normalized. Normalized value of the
firing strengths Is defined as the ratio of
firing strength of the ky, rule to the sum of
the firing strengths.

E-ﬂ—ﬁ (17)

The fourth layer containing adaptive nodes
is the defuzzyfication layer. The output

frora this iayer is: ;::(p;r-l; qy+ mzt

r;), where p ; , ¢ ; ;o and r; are the
consequent parameters of the node. The
inputs(x= g9, y= T, = O,) and outputO,,
relationship in this layer can be defined as:

O, =tsf, =pa(px+gy+mz+r)  (18)

where i is the 4" layer output.

For a zero-order Sugeno model, the output
level ¢ is a constast (p=¢=m=O)so the
relationship between inputs and output is:

O, = f, = p (1) (19)

The fifth layer coasists of a single fixed
node, it is the summation of the weighted
output of the consequent parameters in
iayer 4, The output layer is given by[15):

O5, =3 . f, = %ﬂi (20)

i
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Fig. 8 (a) Membership functions for flux error
signal.
(b) Membership functions for torque
error signal.
(¢) Membership function for stator flux
angle.

According to zero-order Sugeno method
and all the variable membership function, a
neuro- fuzzy controller have72 rules, where
these rules used to give appropriate output
The output of the ANFIS are crisp value

v
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varies from V0 toV7, to generate three
digital logic signals, that select the proper
switching states of the inverter by using
logica} operation depeading on Fab. 2 The
switchiog state is the input to the inverter,
where ‘1’ represenis the wupper limb
switches and ‘0’ represents the lower limb
switches of the inverier. Swilching states of
the iaverter varies from V0 to V7.

4

states S1 S2

Y0
Vi
V1
V3
V4
Vs
V6
V7

—— D e e O
L — IR R e -}
— e w0 DD

Tab.2: Switching States of Volitage Vectors.

5.Simulation Results of Direct

torque Neuro-Fuzzy controller

The Induction motor can be modeled with
stator finx and rotor flux as given n [12]-
[13]. 149.2¢3VA iuducfion motor was used
for simalation. The parameters of the mofor
were determined experimentally and are
given in the Appendix. For the simulation of
the viable torque control schemes, Voltage
source inverter (VSI) was ewploved. The
simulations were carried out using
MATLABZ2008 / SIMULINK {echnical. In
MATLAB2008, the ANFIS editor graphics
user interface is available in Fuzzy Logic
Toolbox [14]. Using a given input/output
data set, the toolbox coostrucis a fuzzy
inference system (F1S) whose membership
function parameters are adjusied using
either a backpropagatlon algorithm alone,
or in a combination with a least squares
type of method, We used A hybrid method
which employs for updating membership
foxction parameters which consisting of
backpropagation for the parameters
associated with the input membership
functions, and least squares estimation for
the parameters assoclated with the output
membersbip functions{15]. This allows the
fuzzy systems to learn from the daéa they
are modeling[14]. As shown in Fig.10 and
fig.12 Using ANFIS control provides the
aystem with wminimum rcipple for both
torque and flux, where the torque ripple
percentage is 3.5% and the flux ripple
percentage is 2.1%. While the conventionat
DTC have a relatively large ripple 23 shown

in fig.9 and fig.11 , where the torque ripple
percentage was 13.3% and the flux ripple
percentage was  3.75%.Finslly, the
simulation resolts show an improvement
with ANFIS  cootroller over the
conventional DTC in both flux and torque
responses. Tab. 3 represents the comparison
resalts in bothk flux and torque error
percentage For DTC and DTNFC. The
steady state response for both controllers
was found to be relatively the same.

i T = T T

s0al..

= 2000
g .

100+ b

005

Fig. 9 —~ Torque developed in conventional
DTC.

The neuro-fuzzy logic ontput for both the
elecicomagnetic torque ripples  varles
between 300 Nm and 320Nm with 300 Nm
steady state value and stator flux ripple
varies between 0.82 Wh and 0.79 Wb with
0.8 Wb steady state value . That means that
the direct torque neuwro-fuzzy controller
(DTNFC) Provides more accuracy than
classieal DTC. Where neuro-Furzy systems
combine the advantageous of neural
pvetworks and fuzzy logic systems. Newral
pnetwork-based fuzzy systems, which have
the learning ability of neural networks to
realize the fuzzy logic inference system, are
gained popularity in the control of
nonlinear systems. Fuzzy logic systems
provide the neural networks with structural
framework with high-level fuzzy IF-THEN
rule thinking and reasoning.
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Fig. 10 — Torque developed in conventional
DTNFC

6. Conclusion

In this paper DTNFC of induction
machine has been proposed. An improved
torque and flux response were achieved with
the DTNFC than the conventional DTC.
The performance has been tested by
simulations. Also, a command flux
optimization scheme has been proposed to
reduce the torque ripple. The optimization
was tested using simulation. The results
show a reasonable improvement by flux
optimization. The main improvements
shown are:

*Reduction of torque ripple in transient and
steady state response as shown in tab.3 .
» Reduction of flux ripple in transient and
steady state response as shown in tab.3.
=~ Fast stator flux response in transient state.

SL CONTROL FLUX TORQUE
NQ. | STRATEGI RIPPLE RIPPLE
ES PERCENTAGE | PERCENTAGE
1 Conventiona 3.75% 13.3%
1DTC
2 DPTNFC 13% 3.5%

Tab. 3:the percentage flux and torque error for
DTC and DTNFC.
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Fig. 11 Stator flux response in conventional

DTC
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Fig. 12 Stator flux response in conventional

DTNFC
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7.Apendix

No | Definition | Symbols | Data/unit

1 Rated Py 149.2e3(VA)
ocutput

2 Rated Ua 460(rmy)V
Voltage

3 Rated fy ¢0Hz
Frequeney

4 Moment J 0.005kpm?2.
of inertia

5 Stator R, 14.85e-30Q
Resistance

] Rotor R, 9.295e-340)
Resistance

7 Stator L, 0.3027¢-3H
inductance

8 Rotor L, 0.3027¢-3H
inductance

9 Mutual Lo 10.46e-3H
inductance

10 | Numberof | P 2
Poles |

Tab. 4 Parameters of the selected Induction
Motor
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