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Abstract

The performance of direct torque controlled (DTC) induction motor system is greatly
affected by the change of the motor stator resistance especially when the motor runs at low
speeds. A new architecture of multi-basis wavenet-based model is proposed and implemented
for stator resistance identification. Such multi-basis model utilizes multi-set daughter
wavelets. By means of enough training of samples, the descent gradient algorithm is used to
fulfill both system structure and parameters initialization, and the stator resistance is then
acquired online with the operation of the system. The simulation results were carried out
using Matlab/Simulink library and compared with those obtained from classical stator
resistance identification method based on PI control and from another recent wavenet-based
method. The simulation results show that the proposed method can improve the system
performance.

Keywords: Wavenet, Multi-basis wavenet, Direct torque control, Stator resistance,
Induction motor.

aiad Ao bl 5l aUsS 3 Afal) S jaall culdll) o jalf daglia aaas
Clubad) Badaie duag sal) dvanl) Gl slaisly

Sl ue daaa anda

Jagall daaly — ol Audia acd

-

DAl

& il o el dagdie Ly 1LES Sl s & gae 3 (DTC) pondl Gle bl 3 jhadl Hlas o) ¢
e on) Aagie aaa z3sal Baaa LG M £ 8 5 Gl 1 AL AL gyl G lagad s o ad)
Gl Baxsie Ay sall dpnan) IS alicly adall e 5 pdladl 5 okpudl dladl s @l s ol
Lled JasiVi dpe s aladind & cliall BSY cy il 335k ey L lagsall Gl (e galae B2e iy
ilee JSay & jaall 8 i) ¢ jall o glial) dad ) A Glld dey 5 s el i g kil diy (s
A aladiuly @oadl 45kl o3¢ slSlaall il o) L)l 8 el o il 8 ksl pUa Jee oLl
iy s LS el 8 il ¢ jall daglie aaail TP gadal) GUail) il aw iy Matlab 4 Simulink
Al elal et e da Fiad) A Hlal) dnlSa) il @ el il wavenet— e A das 408 as

Received 9 Feb. 2009 Accepted 7 July 2009



Al-Rafidain Engineering Vol.18 No.2 April 2010

1- Introduction

The industrial application areas of the DTC system have been increased recently due to
several features such as quick torque response and robustness against the motor parameter
variations [1]-[3]. The DTC system, shown in Fig.1, uses feedback control of developed
torque and stator flux which are calculated in stationary (dg)reference frame using measured

stator voltages and currents. The calculation depends only on one machine parameter which is
the stator resistance. The stator flux As ( with magnitude ‘/1?‘ and angle & ) and the

developed torque 7, are calculated according to the following equations [4]-[5].
A: = I(;j—éji_;)dﬁ (1)

Ascan be represented in vector form asA, =[A, 4,1 while vy =[v, v, ]"is stator

voltage, :LT; =[i, i, ]r is the stator current, and z — lR’ g ]with R as the stator resistance.
3
Also
Aus = [ (vas —Rgiy5) dt (2-a)
and
Ay =[ (v,s—Rg i) dt (2-b)
So,
2 2
ﬂ’s = V ﬂ’ds +ﬂ’qs (3'61)
and
-1 ﬂ“qs
6, =tan . (3-b)
ﬂ“ds
The developed torque 7, is given by
3 . .
Te = EP-:I(’%&IQ'J - "F'!lfjlcﬁ)a (4)
where £ is number of pole pairs.
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Fig. 1 Block diagram of DTC system.
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The effectiveness of the DTC controller using eqs. (1) — (4) depends upon the accuracy
used to measure the stator resistance. The stator resistance varies with the operation
conditions of the motor such as temperature and frequency variations. Particularly, at low
speeds, the stator resistance voltage drop in eq. (1) is relatively large and may become
comparable to the back electromotive force (emf). Any mismatch between the actual stator
resistance value and the one used with DTC controller may lead not only to a substantial
performance error but for instability [6]. Therefore, the accurate value of the stator resistance
is of crucial importance for correct operation of the system and its identification then becomes
necessary.

Several models have been proposed during the last decade to identify the stator resistance
in DTC induction motor system. The nonlinear stator flux observer [7,8], real time PI
estimator for identification stator resistance [9,10], online fuzzy stator resistance observer
[11,12] and the stator resistance identifier based on artificial neural network (ANN) [13,14].

The combination of ANN with wavelet transform (wavenet), preserves good localization
property in both time and frequency domains with multi-scale characteristic. It is used for the
analysis of non-stationary signals and learning of the nonlinear functions [15]. This technique
is also proposed to identify the stator resistance in DTC system [16]. In this paper, the theory
of wavenet is presented and a stator resistance identification model based on a multi-basis
wavenet is proposed. The proposed method includes multi-set daughter wavelets from
different mother functions in the hidden layer which is believed useful to represent functions
containing different signal cutting, ripples and rapid signal changes. Two Simulink models of
DTC induction motor system with stator resistance identifiers are implemented based on the
proposed multi-basis wavenet and the classical PI control. Simulation results include
developed torque, stator current and rotor speed with and without stator resistance identifiers.
Note that the theory of DTC control is beyond the scope of this paper, however it can be
found in details in [17]. Section 2 contains the wavenet fundamentals. A classical PI stator
resistance identifier is considered in section 3. A proposed multi-basis wavenet stator
resistance identifier is described in section 4. Section 5 presents the simulation results of both
PI and proposed multi-basis wavenet identifiers. A stiffness test of the proposed wavenet
identifier is illustrated in section 6. Finally, section 7 summaries some conclusions.

2- Wavenet Fundamentals

Wavenet can be considered a particular case of the feed forward basis function neural
network model. In ordinary network, several types of basis functions, such as radial basis
functions, splines and polynomial functions of synapse neurons are used instead of sigmodial
function. The connection weights are taken to represent the corresponding coefficients. The
output layer performs the sum of the output of all synapse neurons. Since wavelets have been
shown their excellent performance in non stationary signal analysis and nonlinear function
modeling, the neural network using wavelet basis function, wavenet, provides higher
availability of rate of convergence for the approximation than an ordinary feed forward neural
network [15].

The wavenet can be constructed by means of replacing the nonlinear sigmodial function
with nonlinear wavelet basis function. Figure 2 illustrates the wavenet structure and Fig. 3
shows some typical wavelet functions. The structure of Fig. 2 exhibits a multi-input to multi-
output nonlinear system, realizing an RMo gN napping.
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Fig. 2 The structure of wavenet, after [18]

Maxican hat function Morelet function

Fig. 3 Some typical wavelet functions

The approximated output signal of the network of Fig. 2 can be expressed as follows [18]:

Vi Zf{z Wi D%, () hm((x—bk)/ak)} (5)

m=1
where x, (m=12,...,M) is the input for the m™ training vector X(¢), »,(i=12,..,N)is
the output for the i training vector Y(¢), M is number of nodes of the input layer, K is
number of nodes of hidden layer, w,, is the weight between the A" node of the hidden layer
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and the i™ node of the output layer, A(x) is the mother wavelet, @ & &, are the parameters
of dilation and translation, respectively, and f is the nonlinear function.

3- Pi Stator Resistance Identifier
The block diagram of the PI stator resistance tuner is shown in Fig. 4. The error |4.4,(%]|

between the magnitudes of the calculated stator flux linkage |2,(x)| and its reference A, is

proportional to the stator resistance change. This error is used as an input to the PI identifier.
The technique is based on the principle that the change in stator resistance will cause a change
in the developed torque and magnitude of stator flux.

Pl identifier
kP
7 AA (m) Low pass| ¥ ﬂR’ (») Low pass Rs (n‘)
s " = ] —
+ filter 3 + filter
T k; ""'}3/ T

[, ()

R,(n=1

Fig. 4 PI stator resistance identifier, after [18]

The equation for PI resistance identifier is given by
1

AR, (n)=(k, +k; —:'|ﬁﬂs':”:'| (6)
g

where k, and k; are the proportional and integral gains of the PI identifier. The error |44, (#}]

is passed through a low pass filter with a very low cutoff frequency in order to eliminate high
frequency components contained in the magnitude of calculated stator flux. Then the signal is
passed through a PI identifier. The output of the PI identifier represents the change in the

stator resistance &5, (x) due to change in motor stator resistance. The change &7 (n) is

continuously added to the previously identified stator resistance &,{n—1). The identified

resistance 1is again passed through a low pass filter to have a smooth variation of stator
resistance final value R (n).The identified resistance is used directly in the DTC controller.

4- Proposed Stator Resistance Identifier

The structure of the proposed P-basis wavenet stator resistance identifier is shown in Fig. 5
and the set up for its training and identification for stator resistance changes is shown in Fig. 6
The wavenet identifier exhibits two inputs and single output. The input nodes are the stator
flux error and the change in the stator flux error &¢{n}. They are defined as follows:

e(n)=|8A, ()] =(2,"|- |2, ()] (7)
Ae(n)=aln)-eg(n-1) )
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where |/1S'| is the stator flux command and |Z,{#)| is the calculated the stator flux. The stator

flux command can be determined using simulations for conventional DTC system. Its value
depends implicitly on the demand torque and rotor speed. The hidden layer is of P different

| A7)
A L [AA(n)] = ()

T e

Fig. 5 The proposed 2-input / single output P-basis (each of K daughters) wavenet
stator resistance identifier.

Fig. 6 The set up for online training and identification of stator resistance.
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sets of daughter wavelets. The output ¥ of such wavenet is the stator resistance change
AR, (») which is added to the previous value to give the identified stator resistance according
to the following equations:

F X M

y=AR (=1 3 2u Ve 2, %{(x-bmfﬂpx}} 9)
p=l k=1 =1

R (m)=R (n—11+AR (n) (10)

In order to determine the adjustable weighs Ypr ( 2 =12,.F, k=125 where Pis
number of different used mother wavelet functions and K is number of used daughter
functions) and the adjustable parameters a, and b, , a similar algorithm to that given in [19]

is followed. A least mean square (LMS) energy minimizing function of the following form
can be applied:

1 ') " i 2
E=—3 3 len)] (D
2 fm]l il
eiljr:)—y‘t -t . 3 )
where ~?4 7%, ¢is the number of training samples and 4 s the desired value of y'.
To minimize the energy error £, a method of steepest descent which requires the gradients

0E OF oF

, and is used for wupdating the incremental changes to each
ow,, 0Oa, ob,,

parameterw ,, a, , and b, . Different gradients of E at iteration n are given by

AE g N oM .
== 33 e(n) X, h(T) (12)
awp.‘:. =l el el
G X : o (T)
= - g(n) X w Wy —— (13)
T p2p2 "y,
§ N M g P 8
Y T a e et D (14)
abp.i; Jml  iml  Hwl abp.ﬁ; abp.i;
where 7=—2 The weighs w  and the parameters a, and b, are, respectively,
a,
updated as
Wy (2 D=w, () — 0y, + ¢, A,y () (15)
p-1s
o
A (1= ap () —h, SIT + Cy Ay () (16)
k
)
E:IF":' ('?2+1:|=E:'FR_|:?‘2:| _I::-E' E + C-E' .IJ}I.-E:'FR_(H:' (17)

3
where ,.7,, and "y are steps size, ©y,¢, and © are the forgetting factors which are
variable factors and can greatly reduce the number of iterations for convergence.

5- Simulation Results

Two sets of daughter wavelet functions (P = 2) with seven neurons (K = 7) in each set are
used to represent the hidden layer of a 2-basis wavenet stator resistance identifier. The two
mother wavelets used in these sets are Mexican hat and Shannon functions. These functions
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with their derivatives w. r. to the translation b are given as follows: For Mexican hat function
1

2 1 L
Biti=—=x* (1-T) ¢ 2 18
(n N3 (18)
=
de(t) 1 =
=—(3t-T)e 2
% ( ) (19)
and for Shannon function
h(z) = sin 277 —sin 7t 20)
T
oh(t) 7 (—rwrcosmr—2mcos2aT+sinar+sin2rt
7 2 1)
b a (77)

The simulation is carried out to verify the function of the stator resistance identifier
where the motor used in this system is 1250 hp, 4160V, 150A, 6 poles and 60 Hz. The
simulation parameters of the motor are described as follows: rated speed N =1200 r.p.m.,

stator resistance R =0.21Q, rotor resistance R =0.146(), stator ( rotor ) leakage inductance
L =L, =52mH, magnetizing inductance L, =0.155H and moment of inertia

J =22kg.m” . The stator flux command, used as input to the PI or wavenet stator resistance

identifier, is determined from a conventional DTC operation characteristic (see Fig. 7) which
relates the stator flux linkage to the torque reference for different speed references.
Simulations are determined using full load torque and 300 r.p.m speed reference in Fig. 7.
Thus, the stator flux command will be 8.943Wb. The simulink model of DTC induction motor
system with wavenet stator resistance identifier is shown in Fig. 8. The stator resistance of the
motor is taken from a certain pattern, while the stator resistance used in the DTC controller is
taken either from constant value referred to its rated value or from the PI or the proposed
identifier.

Figure 9 shows the curves of stator resistance pattern, developed torque, stator current
and rotor speed without stator resistance identifier. The stator resistance R, pattern in

8'98 | | |

897 A SRR —
% 895 - ——300rpm -
T "'ui j Te~a 50‘ m
< 8.93 v,,,AZz.L,.; ,,,,,,,, [ Tl,s,ip‘; ,,,,,,,,,
5 : ."~. : : S~
= ! el !
ﬁ 8.91 v,,,% fffffffffffff i””?h"’f.”:F —————————————

| | “T5rpm
2000 4000 6000 8000

Torque (N.m.)

Fig. 7 Stator flux-torque relation.
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Fig. 8 A simulink model of DTC induction motor system.

Fig. 9(a) is used to train the wavenet off line before combing it with the DTC system. This
pattern starts at rated stator resistance of 0.21 Q and keeps constant for 4 secs, then increases
to 150 percent of its rated value at an approximate rate of 0.013 Q/sec. Then it
remains constant for another 4 secs. The developed torque, the stator current and the rotor
speed are shown in Fig. 9 (b-d). These plots show the effect of stator resistance change under
conventional DTC system. The developed torque varies nonlinearly and has 4 percent error
due to the change given in stator resistance. The stator current and the rotor speed are also
changed nonlinearly and have 2.5 percent and 9 percent error for the same change in the stator
resistance respectively. From these plots, it can be concluded that, the torque control is highly
affected by stator resistance variations. Therefore, it is extremely necessary to implement
some stator resistance identification to preserve torque control.

Figures 10 and 11 show the same previous curves with PI and multi-basis wavenet stator
resistance identifiers, respectively. In both figures, the identified stator resistance follows
closely its pattern(much closer in the case of multi-basis wavenet identifier) resulting in
reducing the error in the developed torque, stator current and rotor speed. So, the wavenet
stator resistance identifier is able to identify the resistance change better than PI identifier, for
example the error in developed torque is reduced to 0.7 percent by using PI identifier while
with wavenet identifier the developed torque stays approximately constant all the time.

6- Stiffness Test Of Proposed Wavenet Identifier

The proposed multi-basis wavenet stator resistance identifier is tested here with a hard
stator resistance pattern to ensure its ability to compensate the effects of stator resistance
variations in practical DTC system. The maximum variation in stator resistance in practical
case is around 180 percent of its rated value [6]. Thus, the following stator resistance pattern,
including such variations, will be examined. Such pattern, shown in Fig. 12(a), starts at a
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Fig. 11 The curves with multi-basis wavenet stator resistance identifier.

rated value of 0.21 Q and keeps constant for 4 secs, then increases linearly up to 1.8 times
rated value during 4 secs and remains constant for another 2 secs. After that, it decreases
linearly to its rated value during 4 secs with the same magnitude of rate change and stay
constant at this value for 2 secs. This process is repeated three times. The simulation results
are shown in Figs. 12 and 13. Figures 12(b-d) show the resulting curves of developed torque,
the stator current and the rotor speed, without stator resistance identification. Figure 13(a)
shows the curves of the original pattern and the identified one, with the proposed multi-basis
wavenet stator resistance identifier. Figures 13(b-d) show the resulting curves of the
developed torque, the stator current and the rotor speed, with the proposed multi-basis
wavenet stator resistance identifier. Comparing the corresponding curves in Figs.12 and 13,
it can be seen that the variations in the levels of the developed torque, the stator current and
the rotor speed are highly reduced with the use of the proposed identifier. For the sake of
comparison, Table 1 illustrates the values of maximum errors in the developed torque, the
stator current and the rotor speed under the mentioned stator resistance pattern, for PI,
wavenet of [18] and the proposed multi-basis wavenet stator resistance identifiers. Such table
indicates the ability of the proposed identifier to compensate the effect of stator resistance
variations thus, improving the DTC system performance.

11
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7- Conclusions

In this paper, a new multi-basis wavenet stator resistance identifier based on multi-set
daughter wavelets functions has been proposed to compensate the effect of stator resistance
variations in DTC induction motor system operating at low speed. The multi-basis wavenet is
useful because of the high nonlinearity in the stator current and flux waveforms. The proposed
wavenet is trained (off line) before combining it with the DTC system and its parameters are
optimized using steepest gradient algorithm. The results of simulations show that the proposed
identifier has the ability to realize on line identification of stator resistance better than both;
classical PI and recent wavenet identifiers. So, with the proposed identifier, the performance of

the DTC system has been improved.

Table 1: Maximum error comparison.

Max. error in Max. error in Max. error in | Type of Identifier
rotor speed stator current (A) torque (N.m)
(rad./sec.)
9 52 206 PI
39 26 70 Wavenet of [18]
25 ) 65 The prgposed multi-
basis wavenet
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Fig.12 The curves without stator resistance identifier.
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