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Abstract:

In this paper induction motor and its direct torque control are simulated and a speed
estimator scheme based on wavenet {(WN) theory has been developed and compared with the
actual speed. The wavenet speed estimator inputs are a single line current and the state of the
torque comparator output which are trained to follow the relationship between the motor
current and the rotor speed. To ensure the validity of this scheme, the estimated speed is
compared with a speed estimated from a conventional model reference adaptive sysiem
{MRAS). The operation of direct torque control (DTC) drive with the actual speed and the
estimated wavenet speed as a feedback signal are simulated and compared. The results show
that the wavenet method is effective for rotor speed estimation,
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1- Introduction:

Speed estimation for senserless
induction motor drives forms a huge
research topic. Speed signal is required for
close loop speed position control in both
vector and scalar controlled drves. It is
also required in indirect vector controlied
in the whole speed range [1]. In direct
torque control, speed signal is necessary to
genereie the reference torque signal. A
mechanical speed encoder is undesirable in
a drive because it adds cost and reliability

problems besides the need for a shaft
extension and mounting arrangement.
Several methods have been developed
which allow eliminating mechanical speed
encoder. The observer-based [2-6] and the
MRAS-based [7-9) speed estimators seem
the most promising ones. The MARS-
based estimators are preferred because of
their simplicity ease of impléméntation and
their proven stability [L0]. On thé other
hand it has disadvantage in the low speed
area. Moreover it requires to sense all the
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terminal voliages and all the line currents .
of the machine,

The application of neural network has
been developed to estimate the rotor speed
[11-12). Lt is a popular method because it
can identify approximaste nonlinear
function. However the estimated rotor
speed could not precisely follow its target
reference if the input vector parameter is
only stator current [13]. Thus perfectible
result could not be obtained. This method
has also a few problems such as trapping
into Jocal minima and slow convergence.

Recently, wavelet neural network
(wavenef) has been researched and applied,
which combine the capability of artificial
neural network for learning from processes
and the capability of wavelet transform
[14-17]. Waelet can ayproximotely reahie
the time frequency analysis using a mother
wavelet. The mother wavelet has a square
window in the time frequency space. The
size of the window is freely variable by
two parameters named dilation and
transtation. Thus, wavelet can identify the
localization of unkncwn signals at any
leved. This application has been developed
to estimate the rotor speed of a smali
power induction motor [13] for starting
and load condition without containing
speed reversal condition. Morcover two
line currents are used as the inputs to the
estimator. In this paper, two different
schemes are investigated to estimate the
rotor speed of direct torque controlled high
power induction motor based on wavenet
and MRAS system. A brief overview of
the operation of each scheme is presented
followed by results from Magthlap simulink
simulation. A single line current and the
giate ‘of the torque comparer output are
applied as the imputs to the wavenct
identifier. The simulation results show that
the drive performance is perfiectible using
the wavenet estimated speed as a feedback
signal compared with the corresponding
drive using the actual speed as a feedback
signal.
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2. Wavenet Structure and
Learning Algorithm:
2.1- Wavelet Transform

Wavelet is a little wave of a least
minimum oscillation sieving with special

satisfaction condition. The  wavelet
function is defined as follows:
1 t-b
b)) == h(—) (1)
Jol e

The corresponding families of dilated and
translated wavelet are defined as follows

[ Foon (%) =g h(a™ x—nb), (mr) ez :l (2)
whcrc .{hm ” (x)} is called discrete daughter

wavelets, (m,n) € z* represent  the
sucecsses Tesolution level, a and b are the
dilation and translation respectively.

- Any function h(x)ell (R) (the set
of all square integrable or a finite energy
function) that satisfy the admissibility
condition,

1
jmdm { o (3)
R |wl
is defined as a wavelet function, where
#{w) is the Fourier transform of  k(x).
The wavelet transform is defined as
follows [18].

' (h..;,,_,f ) = jh..,n{f) Sy dr (%)

and by using a linear combination of
discrete wavelet basis function, equation
() yields to;

HOED NN "N () ()

‘The wavelet transform is widely
applied to the analysis of time and
frequency space. Therefore it is useful for
the analysis of non-stationary signals and
the learning of the nonlinear functions.

2.2 Wavenet Structure

Wavenet is a  multi-layer
feedforward network based on wavelet
transform. The structure of wavenet is
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similar to that of the feedforward network
except that the sigmoyid function werce

Input Layer «f
M source

Hidden Layer of
K hidden Neuron
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replaced by wavelet basis function [19] as
illustrated in Fig.(1;.

win

Cutput layer of
N outeut

Fig {1} The structure of wavenet.

The wavenet structure can be expressed by
the foliowing formula:

& Af
y;=g[ZWMZX.,mfvﬁ,{(r—b,,}fan} ©®)

where X, (m=12,.,3) is the input for
the m-th iraining  vector  X(¥),
y,(i=1,2,..N)is the output for the i-th
training vector ¥{f), Af is the number of
nodes of the input layeis, K is the number
of nodes of hidden layers, w,, is the weight
between the k-th node of the hidden layer
and the i-th node of the output layer, #()
is the mother waveizt and g is the
nonlingar function.

2.3 Learning Algorith

In order to deterraine the adjustable
weighs w, (k=42,..,.n ='i,2,..._,N] and
the adjustable parameters @, and &, a

least mean square (LMS) energy
minimizing function can be applied [19]:

B '

Y3 e oF

T
i=l Im

E= (7

1
2

where e/ (1)=F (6} -3' (),
F}’{r} are the num:ber of {raining samples
and the desized value of 3,/(1). To

minimize the enery ;7 error £, a method of

g und

steepest descent which requires the
. E ¢F 0 ,
gradiems ¢ ’ (E— ahd E-E— i3 used
dw, oqg, b,

for updating the :ncremental changes to
cach  parametersv,, a,,and b,.  The

gradients of £ are.

L ]
g—E:‘i Y 3 DX (mAn 3
g™

I=] =] W=

aH(z)
b,

ok =*i i i & ()X () w, (9
ab,

I ]l el

cE A . Hn &F
—= d ).~ — =r_ (10
E SN0 el ey 00
where 7= r;b* . The updated weighs

k

w,, and the param:ters q, and b, are:
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w, (1 + D)=, 1) -bw% +a,Aw, () (11)

[.f]

a, (n+1)=a,(7) -5, %E- +a, Aa, (n) (12)

]

b, (n +D=b,(n} =&, %E— +a,Ab, (M (13

&

where b,.b., and &, are steps size,
a..a, and g, are the forgetling factors
which are variable factors and can greatly

where v, V. iy, iy, R, L,and L,
are the dg-axis stator voliages, stator
currents, stator resistance, stator self
inductance and mutual inductance between
the stator amd the rotor winding,
respectively. v, v, iy, &, K., L, and
P are the dg-axis rotor voltages, rotor
currents, rotor resistance, rotor self
inductance and derivative  operator,
respectively. £, and L, are the stator and
rotor leakage inductances respectively.

The electromagnetic torque (7))
equation for the induction motor can be
expressed as follows:

3 i Lm e
e = .E.:T—LJL_F. As I A (15)
where p,or, ] are the number of pair poles,
leakape factor and the j operator
respectively. The ¢lectromagnetic dynamic
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vel [R +LP O LP

Vel |0 R+LP ¢

v, | |L.P 0 R +1LP
Ve 0 L.P 0

[ A L,+L, G .

gt o L, +L, 0
a1z 0 o+ L,
4,] |0 L, 0

reduce the number of iterations for
CONMVErgence.

3. Direct Torque Controlled
Induction Motor and MRAS Drive

3.1 Induction Motor Model

Based on the theory of induction
motor in the stationary reference frame d-q
axis,
The voltage ( v) and the flux linkage ( 4)
state equations are [ 1]:

0 L
i s (13)
0 iy
R.+LP]||i,
D 1
L fgs
m ! (14)
0 i
L,+L.] i,

equation describing the mechanical mode]
of the induction moler is:

Te—To=T Po_+fo, {16)
where Ty, ], § and @, are the load

torque, moment of inertia, friction
coefficient and the mechanical speed.
Equations (13)-(16) represent the
dynarmic mathematical model for induction
motor in two phase stationary coordinates

3.2 DTC Scheme for Induction Motor

Direct torque control is one of the
advanced control schemes for ac drves. It
is charecterized by simple control
algorithm, easy digital implementation and
tobust operation [20]. Figure (2) shows a
typical block diagram of a DTC based
inductien motor drive.
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Fig. (2} Block diagram of DTC scheme,

The stator flux reterence is compared
with the estimated flux and the difference
15 sent to flux comparator of two oulputs G
and 1. The torque reference is compared
with the estimated one and the difference is
sent to torque comparator of three outputs -
1, O and 1. The cutput of the later is 0 or 1
for a certain speed dircction. For the
opposite  direction  the outpit of this
comparator is 0 or -1. The output of the
flux and torque comparators are sent to a
switching logic unit for proper selection of
the voltage vector of a two level voltage
source inverier (VSI).

3.3 Model Reference Adaptive System
(MRAS)

The rotor speed of the induction motor
can be estimated by the model referencing
adaptive system. Figure {3) shows the way
of speed estimation by MREAS.
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Fig.(3) The structure of MR AS speed estimatOr
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Two independunt observers are used,
one based on eyuation {17}, which doss not
involve the rotor speed (w, ) and the other

on equation (18) as follows [1]:

gf,qw P v, jf(’,mI,S 0 i
gr A Bl 0 Reons)i,
(17}
d R .
E} i ) Lr We ’qﬁr +Lh£ XS
4 R L,
&’ ]_w’ L | fo
(18)

The error betwean the states of the two
models is used in drive an adaptation
algorithm in order to estimate the rotor
speed. The stale error equations are
nonlinear for. wirich hayperstability is
assumed when Pojov criterion is satisfied
for the nonlinear :-edback. The estimated
rotor speed has the ‘ollowing structure:

w, =0, + [ @y dt =k B+ { h, Edi (19)

where Popov's inrquality is satisfied for

ihe following func:ions:

Ay =k, (E, Ar—Ey Ayrtky (3, Asr=Ry, Agr )=k, E
(20}

@y =~k (&, A, dary=H( By, Aar ~ g Aary=hi B
(21)
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4. Speed Estimation Algorithms

As the observation of the speed is
necessary for any drive, it is also necessary
to generate the torque reference signal in
DTC drive. In this work the speed is
observed from different sources. The
actual measured speed is taken as a
reference speed and used 1o compare with
the estimated speed from the following
estimators:

4.} Wavenet (WN) Speed Estimator

The wavenet speed estimator has
been trained off-line as estimation model
into the direct torque control system. nput
learning sample is a single line current and
the output is the roior speed. A three
newrons are used in the hidden layer and

Stator
Lirmg Currant

T

the Mexican hat function is selected as a
mother wavelet function as follows:

y I -z
Moy=——=a*(1-v")e ?
(7) 5 1-77)
It must be noted that the input samples
are normalized using the following

equation:

(22}

Xoor, = { X — Xnin.} -"f{ Ko — Xmin)  (23)

and the output is demoralized using the
following equation:

Y = Yoo * { Ymax — Yrrt'rlrl..:I + Ymin. (24)
The model of the wavelet estimator

which has been used for training is shown
in Fig. (4).

Wavanet

DTC Induction | Deltection of Nomia-
Motor Schema Rotor Speed [ lization
= Diraction
Stata of
tomue
comparator
output

¥

—_—

1 Rotor
ienam-

’ 1alizati0n !

L

Fig.(4) Wavenet model for speed estimation.

The purpose of leaming is to update the
weighs w, and the parameters ¢, and b, .
The training algorithuim is listed below:

- Initiate all the network parameters
w,,a, &and b with smaller

numbers - at
random and calculate the value of
the cutput from equation (6).

2~ Set the output positive if the state
of the torque comparator iz 0 or 1
and set it negative if the torque
comparator output is O or -1.

3- Set initial step and calculate the
new iteration point then calculate

the energy error from equation

(7.
4- If the evergy ermor tems big,

update the parameters w,,a, and
b, using cquations (11-13) and do
the forgeiting factors equal its
original value times ¢ where
¢ is a constant between C and 1.

5- Else, update the parameters
w,.a, and & using equations
{11-13) :nd do the forgething
factors equal its original value
times n where n is a constant
bigger tha: 1.

ey PP =g ey — N ———
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6- Calculate the next iteration point
and repeat until the system energy
error is reduced to a satisfled
value.

4,2 MRAS Speed Estimator

The MRAS estimation principie is
illustrated in the previous section. Inputs 10
the estimator are three terminal voltages
and three inpuit currents to the motor while
the output is the rotor speed. A Park
transtormation is used to produce the two-
axis d-g voltages and currents. Mathlap
simulink deals with integration more than
derivation [21]. Therefore integrating the
two sides of equation { 17) is useful to
eliminate the derivate inside this equation.

T odul CAMEArEROr At
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After the integraticn, equation (17) yields
toy

' Ad,:%:[ Iv@dr—ﬁ _[irbcfrfa'L, ] @®

lﬁ%[ jqudr—E\_ i, di~o LI, | 9

Equations (18),(19'.(22) and (23) represent
the MRAS speed estimator system.

5. Simulation Eesults

Figure {3) shows the
Matlab/Simulink  simulation for DTC
induction drive. The torque refetence is
generated by a speed controller that
compares the reference rotor speed with
the detected or estiriated rotor speed.

ral.Aun .
fux Copamby i
. Vi —
o s @@ » N . +_J; |
Sumgd ™
R, e I ' — .
o 1
.—“— » :
s»ms”m Wl Sum? " ] "
SOINCAlar QgL h . | | LLL T
O I ™ == +
iz g e VEI W'_““
aboiAR
demang
Largue P phs -
| | Aux iy, f b
3 T pmus
Tux S 0!
S matar
W .
In2 et
¢ ol
I e e
Swinch MRAE wan
wRimatar
E_——! |
-
Wk et

sRimatar:

Fig. (5) Mathlap simulink block diagram for DTC induction moror drive,

The motor parameters used in the
simulation are listed i the Appendix. In
order to compare as frirly as possible the
estimation techniques considered in this
paper, the following conditions have been
provided:

- Same speed change conditions
and,;

2- Same lead change conditions.

Figure (6) shows actual, MRAS
estimated and W17 estimated rotor spesd
during starting wisile Fig. (7} shows the
same results for no-load speed reversal
The rotor speed identified by wavenet
speed estimator can adaptively follow the
true roter speed. It shows higher dynamical

Mﬁ
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following performance rather than MRAS
speed estimator. At low speed, the rotor
flux synthesis based or reference modzl in
MRAS sysiem is difficult to implement
because of the pure integration of the
voltage signals. More: ver, the estimation
accuracy can be cood if machine
paramsters are conside; «d as constant.

A simulation was carried out to verify
the function of the Wi speed estimation.
When the DTC drive starts for 4 sec, the
load torque changes Giectly from zero to
full load (7490 N.m) «id decrease to 1000
N.m at 6 sec. Figure () and (9) show the
toad torque and the lvad current fer the
drive when the feedback speed signal is
taken from the detected and the WN
estimated speed. Figive (10) shows the
torque and current error between the two
states. [t can be shown that the wavenet is
vajuable for Totor spee:i estimation and can
replace the speed senzor of the DTC drive
and realize the contro! of the drive without
speed sensor.

6. Conclusions

A direct torgae controlled induction
motor was designed and simulated using
Matlab/Simulink, A rotor spesd estimator
based on wavenet theory has been
evaluated and cownpared with classical
MRAS speed estimator. The data for
training the WN estimator is extracted
from a single line current with the detected
speed as a feedback signel to achieve the
operation for all changes in the drive
operations.

The WN speed estimator petforms
well under DTC drive for starting, speed
reversal and load conditions. Therefore it
can lead to ap improvement in the
performance of «need sensorless drives.
The WN speed esiimator was presented in
a way that will contribute to a better
understanding of the wavenet theory
applications to motion control.

7. Appendix

The nameplate and the parameters of
the three phase induction motor used for
simulation purpose are given in Table {1).

Takble {1): Motor nameplate and parameters

I~ Motor Ratir gs Motor Parameters
Rated Power 1250hp Stator Resistance 0.214
Rated Voltage 4160V Rotor Resistance 0.1464
Rated Torque T490N.m Stator Leakage 5.2mH
) inductance
Rated Stator Flux Wb Rotor Leakage 5.2 mH
inductance
Rated Current 150A Magnetizing 0.155H
L Inductance _‘
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Fig. (8) Torque response. [a) ectual speed &5 a feedback signal, (b} WH estimated speed as fesdback signal
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Fig. {9} Line current. (a} actual speed as a feed back signal, (k) WN estimated speud as & fecdback signal.
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