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ABSTRACT. This research work presents a reliable technique to protect the stator winding of
asynchronous machine. The protection scheme depends on continuous temperature monitoring
of the winding. It utilizes integration between the DC injection method and an artificial
intelligence technique. The soft starter coupled to asynchronous machine is used to inject DC
signal. It modifies the operation of the reverse-parallel thyristors. The gate control signal of
the soft starter produces a short delay in half current cycle for one phase of the machine. Then
the DC components are obtained from the current and voltage Fourier analysis. By using the
magnitude of the DC signals, the stator winding resistance and temperature are computed. To
obtain an accurate temperature of winding; the calculated motor parameters are employed to
be an input data for a fuzzy scheme. Therefore, the Adaptive Neuro-Fuzzy Inference System
(ANFIS) scheme is utilized to supply an efficient and active temperature display for stator
winding. In addition ANFIS decreased the estimation error of the winding temperature without
affecting on motor torque at certain delay angle. The obtained results with Matlab simulation
are inventively.

RESUME Cet article de recherche pré&ente une technique fiable pour protéger I’enroulement
de stator d’une machine asynchrone. Le schéma de protection dépend de la surveillance
continue de la tempé&ature de I'enroulement. Il utilise I'inté&ration de la méhode d'injection
de courant continu (CC) et une technique d'intelligence artificielle. Le dénarreur accoupléa
une machine asynchrone est utilis€pour injecter un signal de CC. 1l modifie le fonctionnement
des thyristors inversés. Le signal de commande de porte du démarreur produit un court déai
dans le demi-cycle de courant pour une phase de la machine. Ensuite, les composantes de CC
sont obtenues apartir de I'analyse de Fourier du courant et de la tension. En utilisant la
magnitude des signaux de CC, la résistance et la tempé&ature de I'enroulement du stator sont
calculé&s. Pour obtenir une température d’enroulement preéeise, les paraméres moteur
calculé sont utilisé&s en tant que donné& d'entrée pour un schéma flou. Par consé&juent, le
systéne d'infé&ence neuro-flou adaptatif (ANFIS en anglais) est utilisé pour fournir un
affichage de la tempé&ature efficace et actif pour I'enroulement du stator. De plus, le systéme
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d'infé&ence neuro-flou adaptatif a diminué I'erreur d'estimation de la tempé&ature de
I'enroulement sans affecter la torque du moteur &un certain angle de retard. Les ré&ultats
obtenus avec la simulation Matlab sont inventifs.
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1. Introduction

The online monitoring of asynchronous machine temperature is essential in
industrial processes. They are the most vastly used rotary machines in the industrial
sector with ninety percentages (Hussein et al., 2016). The insulation of the winding is
commonly the most failure component due to thermal overload. The extended period
of thermal aging leads to stator insulation failures (Wahsh et al., 2016). The
impairment losses of the insulation quality are a function of temperature and time
according to Equation (1) (Fitzgerald et al., 2003). The deterioration rate can be
represented as an exponential. The life-temperature relation illustrates that the failure
time of organic insulation is halved for each 8 to 10 <C rise.

life=AeB/T 1)

Where A and B are constants and T is the absolute temperature.

In the recent industries, many techniques are employed to monitor the thermal
state of the asynchronous machine (Hubert et al., 2003). They aim to protect the
machine from thermal overload cases (Pugachev et Fedyaeva, 2015). Some of these
techniques utilize the thermal model for temperature estimation (Venkataraman et al.,
2005). They increase their temperature accuracy by using higher thermal models. The
transients of short time thermal overload are simulated by Boglietti et al. (2014).
Boglietti et al. (2014) utilizes 1st order thermal model to predict the stator winding
temperature of operative motor. Hurst et al. (1997) presented a thermal model with
2" order and mad the offline experiments, in order to identify the specified parameters
by installing thermal sensors. The thermal sensors record the temperature of the
windings of the stator and rotor. To precisely calculate the temperature of the motor
in different parts, a thermal network model using higher order lumped parameters is
illustrated by Mellor et al. (1991). It is observed by Pugachev (2016) that the accuracy
cannot be guaranteed due to the calculations of thermal parameters from the motor
dimensions. Instead of a network with lumped thermal, an approach is proposed by
Zhang (2015). The approach depends on transfer-function for reduction of the order
of asynchronous machine thermal models. The main drawbacks of these thermal
model-dependent procedures are the calculations of the thermal parameters.
Especially they are not constant. In addition the measurement must be completed for
each machine at different cooling states (Baneira et al., 2016).

Alternatively method is that utilizes machine parameters to compute the machine
temperature. The asynchronous machine parameter-based techniques are constructed
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to estimate the temperature of the winding from the value of winding resistance (Lu
et al., 2008; Matic¢ et al., 2015). A method is adapted by Karanayil et al. (2003) to
measure machine winding resistance using asynchronous machine model that depends
on its equivalent circuit. This technique simply measures three quantities input
voltage, input current, and speed of the rotor to display the resistance of machine
windings. The equivalent-circuit-dependent techniques can comply with variations in
conditions of cooling. But they are too sensitive to the variations of machine
parameter. To exceed these troubles, it is presented by Wu and Gao (2006) to
appreciate the resistance of the stator and rotor by injecting alternated current signal.
The alternated current signal is attuned at proper frequency for inverter-fed machine
applications. Alternatively manner is proposed by Lee et al. (2001) using DC signal.
A DC bias is created in the feeding supply voltage. It uses the DC components of the
injected current and voltage to compute the stator resistance. The temperature
estimation of the windings from DC injection via the soft starter-fed machine is
proposed by Zhang et al. (2008). It is more practical method for thermal protection,
only lack for accuracy (Zhang et al., 2009). Therefore Zhang et al. (2009) propose an
experimental setup to use a filter of adaptive Kalman. Its scheme decreases the
temperature estimation error of motor winding, however, stay need more researches
for reducing temperature estimation error.

This work presents a dependable technique to protect stator winding by means of
continuous temperature monitoring of stator windings. The combination between the
DC injection method and the artificial intelligence technique is achieved.

The research work is prearranged as follows. Section 1 is introduction, next the
using of the soft starter to inject a nonintrusive DC signal is depicted in section 2.
Section 3 discusses the influence of utilizing ANFIS with DC signal injection and
displays ANFIS results; in addition different input sets to ANFIS Scheme are
presented in Section 4. A comparison between the result of thermal monitoring using
ANFIS and other technique results is displayed in Section 5. Finally, conclusion with
short discussion is drawn in Section 6.

2. Using the soft starter to inject a nonintrusive DC signal

During motor acceleration, the soft starter enhances the starting performance of
asynchronous motors. It controls voltage, current and torque. Typically, the soft starter
controls voltage via reverse-parallel-coupled thyristors as shown in Figure 1. At the
starting, thyristor gradually is turned on until it approaches full speed. The contacts
(C) are closed when thyristors are fully on. After starting phase, soft starter becomes
inoperative. Sometimes soft starter enters in the “bypass” mode when the contacts (C)
are closed. This paper shows that the soft starter can be operative in the steady state
operation of the asynchronous motors. It is used to monitor the temperature that
generated in the motor stator at the steady state operation. To monitor the motor
temperature, the soft starter injects DC signal to compute the resistance of the stator
winding of machine; then the stator temperature is computed.
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Now, this section illustrates how DC bias could be injected in the line voltages
and currents of the machine stator during motor operation. The soft starter doesn’t
inject continuously DC signal, because the temperature generated in the motor doesn't
change simultaneously. Therefore soft starter goes in Temperature Monitoring Mod
(TMM) in intervals to inject DC signal. To get a precise estimation of stator
temperature, soft starter goes in TMM period for 0.5 second every 10 seconds in this
research work. The thyristor in the soft starter is used to make shift delay in only one
phase for half current wave only, as follow.

Soft Starter
C

T1
Motor

=

T
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Figure 1. Basic structure of soft-starter with anti-parallel thyristors
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Figure 2. Motor line voltage V.12 and Phase current ic1 during TMM

During TMM duration, only one contact (C) of phase L1 is held in reserve open,
while the supplementary two contacts remain closed such as bypass mode operation.
At the same time a small delay is performed in the gate signal controller of one
thyristor, e.g. thyristor (T2). Thyristor (T2) is appropriated to backward conducting
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of phase L1 after current of phase L1 falling the zero crossing. Hence the current and
voltage waveforms become slightly not pure sinusoidal of the phase L1 at the TMM
interval. Typical waveforms of machine phase current (i.1) and line voltage (vi1.2) are
displayed in Figure 2, while a short delay angle 3 is added, for example (3 =15°). The
magnitude of the DC components is computed using Fourier analysis for voltage and
current wave forms. After the TMM interval, the phase L1 contactor is closed, and the
soft starter gets back to bypass mode.

Fourier analysis is executed for the input current i(t) and voltage v(t) signals over
one cycle window of the waves. The DC components are used to facilitate the
calculation, because the DC equivalent circuit of asynchronous motor is employed.
The Fourier analysis is used to calculate only the DC component of the current and
voltage signal. Hence, the Fourier transform is the most suitable tool in this process.
The other techniques such as wavelet give more details in frequency components. This
details not required in this process. In addition they complicate the calculation.

The current wave i(t) can be expressed by a Fourier series of the following form
as shown in Equation (2)( Gao et al., 2011):

i(t) = % + >, a, cos(nwt) + b, sin(nwt) 2

Where w is the angular fundamental frequency, a, is the DC component and b,, ,
a,, are the sine and cosine components respectively of Fourier coefficients for the n -
th harmonic component. These coefficients can be written as Equations (3), (4) and

(5):

a =2+ [ f(D)dt 3)
a, = ;+ ftt_Tf(t) cos(nwt) dt (4)
b, = % + ftt_Tf(t) sin(nwt) dt (5)

Where T=1/f1, f1: Fundamental frequency,

The DC components of voltages and currents haven’t influence on the motor rotor
circuit, as the air gap prevents them from pass through it. Therefore the DC equivalent
circuit of the asynchronous motor becomes only three connected resistances of the
stator. Consequently it is respectable at the TMM computations to use the DC
equivalent model of the asynchronous motor as demonstrated in Figure 3.

Using the DC component of current and voltage in the motor terminals, the
Resistance of the Stator (Rs) of the motor can be estimated as displayed in Equation
(6) (Enany et al., 2013):

dc dc

_2 VLiL2 _ 2:Vth

RS,dC - /3 * jdc T gdc (6)
L1 ‘L1
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Where v, v3¢ and i are the DC components of the motor line voltage v,
Voltage across the soft starter and phase current i, , respectively.

Equation 6 for asynchronous motor that its stator winding in star connection. Once
the stator resistance is estimated from DC signals, the Temperature of the Stator (Ts)
can be computed also according to the linearly proportional between the resistance
and the temperature of the motor winding as presented in Equation (7) (Enany et al.,
2014):

Rs,dc = Ry (1+ a(Ts,dc —Tg)) (7

Where:

R; 4 the estimated stator winding resistance from DC injection
R, the stator winding resistance at reference temperature To

Ts ac. the estimated stator winding temperature from DC injection
Tso, Stator winding room temperature

a, The temperature coefficient (=0.0039K* for copper).

T1
L1
—
T2 ILiac Rs
ViiLzde

L2

L3

Figure 3. DC equivalent circuit of asynchronous motor at TMM

Using Equation 7, the computed stator winding temperature from DC injection can
be directly calculated. An asynchronous motor with nominal power of ten hours power
is used to test the proposed technique. Its nominal data is displayed in the appendix.
The motor is connected with a three-phase balanced voltage source of 400V, 50 Hz.
An entrenched perfect temperature sensor from Simscape™ is used to display the
average temperature of the motor stator winding. It illustrated by Enany et al. (2014)
that, the accuracy of the estimated temperature becomes better with longer delay
angle. Nonetheless, the torque pulsation produced in motor by the delay angle rises as
delay angle growths. The torque pulsation is rise because the voltage and current
waves become not pure sinusoidal of the phase L1 at the TMM interval. Consequently,
determining delay angle bargains with increasing temperature accuracy and torque
pulsation.

The torque pulsation at TMM interval should be at acceptable level. To evaluate
the distortion of the output torque, the Fast Fourier Transform (FFT) is performed to
the output torque. Then the Total Harmonic Distortion (THD) in the output torque
could be computed from Equation 8 (Kouroussis et Kulali, 2014).
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P TR

THD of Torque = (8)

Where T, value of the harmonics n in Torque Ty value of the fundamental in
Torque.

The effect of delay angle on the output torque of the motor is checked, at different
delay angles during TMM interval. To illustrate the previous effect, the thermal
monitoring scheme is simulated in Matlab Simulink. It utilizes a thermal resistor block
from the Matlab Simscape™ software for validation purpose. Table 1 shows
percentage of pulsation in the motor torque according to Equation 8 at different delay
angles.

It displays also the average estimation error. The average estimation error is the
difference between the estimated temperature using signal injection and measured
temperature using Simscape sensor. The maximal delay angle value can be tuned
online to limit the torque pulsation produced in asynchronous machine to be under an
acceptable level at TMM interval. The maximal delay angle is assumed =15°.

Table 1. The effect of the delay angle on the estimated temperature and the output
torque

in degree 5< 10° 15° 20° 30°
in time

0.277 (ms)|0.555 (ms)[0.833 (Ms)|1.11 (ms)|1.666 (ms)

Estimation Error (T)] 1.5 0.4 0.25 0.1 0.5
Torque pulsation (%) 2.6 5.6 9 12.8 24.8

Note that the estimated temperature of the stator winding T 4. is computed from the
estimated resistance of stator winding R 4.. The Ry 4. is estimated from DC injection method.
It is obvious that, there is error in the estimated resistance of the stator winding. The noise in
the voltage and current signals produces error in the temperature estimation. Hence the
estimated temperature of stator winding has low accuracy. Therefore the following section
illustrates how to increase the estimation accuracy.

3. Accuracy improving for temperature estimation

The artificial intelligent algorithms need a simple and less intensive mathematical
design. An effective modeling or control is obtained of a highly non-linear system
with a lot of uncertainties (Kamel et al., 2012). This paper utilizes ANFIS to increase
the accuracy of the estimated stator winding temperature. The increase of the accuracy
should be achieved without affecting motor torque. At the certain delay angle, the
using of the fuzzy logic approach is tested to compute the temperature of the stator
winding. Figure 4 illustrates the stator temperature estimation scheme with ANFIS.
The gate signal controller is adjusted to produce a short delay angle equal to 15< The
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delay angle is presented in operation for the backward thyristor in phase L1 at the
TMM interval.

3.1. On-line training of ANFIS architecture

The first case of the input data to the ANFIS adaptive unit is lyms and Tgc. There
are 32550 training data. The sampling frequency equals 500 HZ. It is a suitable
sampling frequency value due to fsmpie>2forgina.  The construction of the ANFIS
architecture is built as follow. It has two neurons in the input layer (one for Iyns and
the other for Tqc) i.e. N=2, then three gbell Membership Functions (MF) designed for
each input i.e. M=3 and the output is linear membership function.

3.2. Simulation results of thermal monitoring using ANFIS

The subsection appraises the performance of the proposed ANFIS scheme. A
distinct test set was prepared covering different loading conditions for motor
operation.

Temperature P
ANFIS Monitoring <
N N
Tsac Rsac lac& Vac
Ts Estimation & Rs Estimation FFT

i —> |
T Current and Voltage 5| Signal processing
- g

V—>
E Gate signal Zero crossing detection
controller Current & &

Figure 4. Stator temperature estimation scheme with ANFIS

Measurement

3.1.1. Full load testing

The asynchronous machine is loaded with 49.73 N.M corresponding to motor full
load. The results are displayed as follow. Figure 5 displays the estimated stator
temperature (Ts) based on DC injection using ANFIS with first case scheme. In
addition, it contains the stator winding temperature displayed by the entrenched
perfect temperature sensor. Figure 5 contains the two readings, to check the accuracy
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of the estimated temperature. It is obviously that the temperature of the stator winding
computed with ANFIS agrees with that measured by entrenched perfect temperature
sensor. As well, figure 5 displays the estimated error. The estimated error is the
difference between the estimated temperature of the stator winding using ANFIS and
entrenched perfect temperature sensor. As shown in figure 5, the estimated error of
the stator winding temperature is 1<C at delay angle of 15< This error appears when
the winding temperature varies from 25<C to 85<C. Therefore a remote temperature
monitoring and protection scheme becomes more practicable for winding of
asynchronous motor.

3.1.2. Various loading conditions testing

The performance of this technique is evaluated under many loading conditions in
this part. The asynchronous motor is loaded with 0%, 25%, 50% and 75% of the rated
motor load. The simulation results of each various loading conditions are showed in
figures 6, 7, 8 and 9. Figures 6 and 8 display the estimated Ts computed from DC
injection using ANFIS. For validation purposes, each figure contains also the stator
winding temperature displayed by the temperature sensor. Figures 7 and 9 illustrate
the estimated error.

The estimated stator temperature with ANFIS
90 T T T

80
70

Stator Winding Temperature (°C)

50}
Measured Temperature
] using Simscape Sensor
40 t ’f e e T Estimated Temperature using |

Signal Injection with ANFIS

i / \ i
0 50 ) 100 time(s) 150 200 250 300

76 T T T T T T 2

Estemate Error (°C)

7 i i i i : ; 2 . ‘ ‘ . .
100 102 104 106 108 110 112 14 0 50 o Mmoo2000 23 300
time (s)

Figure 5. Estimation results of winding temperature of stator using ANFIS at 100%
load
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Figure 6. The estimated temperature by ANFIS at 50% and 75% load
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Figure 9. The ANFIS error of the estimated temperature at 50% and 75% load

3.1.3.Testing the technique with abnormal conditions

A separate test covering a different operating condition for the motor operation
was prepared. The asynchronous machine is loaded with120% of the rated load, to
test the motor in overloading condition with 20%. Figure 10 displays the estimated Ts
based on DC injection using ANFIS. It illustrates that, the temperature monitoring
scheme using ANFIS provides a proactive manner to warn the user. The scheme
alarms the user from stator winding overheating due to overload. As a result, the
proposed scheme notifies the operator of the motor to de-load the motor or inspect it.

The Performance of DC injection with ANFIS at 120% load
120
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Figure 10. Stator winding temperature estimation under overload condition

4. Different input sets to ANFIS scheme

The set of inputs of ANFIS should be selected carefully. The last case (first case),
only the Iims and Tgc are the input data. This section illustrates which input and
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minimum sufficient number of inputs is better. The section checks which input set of
the ANFIS scheme that gives the best output performance. Therefore additional two
cases of input sets for ANFIS unite are presented beside the first case.

4.1. The second case of the input set to ANFIS scheme

The second case of the input data to the ANFIS unit is lims, Rac and Tqc. The output
of the ANFIS unit is the stator winding temperature measured from the sensor. Hence
the construction of the ANFIS architecture have three neurons in the input layer (for
Iims, Rac and Tqc) i.e. N=3. Then three gbell membership functions designed for each
input i.e. M=3. The output is linear membership function. The training epochs equals
to 300 epochs. A separate test set was prepared to this ANFIS scheme. It covers
different loading conditions for motor operation. The induction motor is operated
under 0%, 50%, 75% and 100% of the rated load. The estimated Ts using 2" case
ANFIS scheme is displayed in Figure 11. For validation purposes, it displays also the
average temperature measured from the entrenched perfect temperature sensor. It
displays the results of the different operating conditions in only one view. On the other
hand, it is preferable to display the estimated error at each load separately. Therefore
Figure 12 displays ANFIS error of the estimated temperature of the stator winding at
0%, 50%, 75% and 100% load. The composed errors are displayed to evaluating
which set of inputs of ANFIS is better.
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__________ Estimated Temperatureusing
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20 i i
0 50 100 150 200 250 300
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Figure 11. The stator winding temperature estimation results in second case at
different operating conditions
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Figure 12. The estimated temperature error of winding at no load, 25%, 50% and
100%Load for ANFIS second case

4.2. The third case of the input set to ANFIS scheme

The lyms, Ve, lacand Tqc are the input data to the ANFIS unit in the third case of the
ANFIS inputs set. The stator winding temperature measured from the sensor is the
output of ANFIS scheme. The construction of the ANFIS architecture has four
neurons in the input layer (for lms, Vac, lac and Tqc) i.e. N=4. Then three gbell
membership functions designed for each input i.e. M=3 and the output is a linear
membership function. The estimated error is preferable than displaying the estimated
temperature in comparison phase. Ams mention later, for checking which set of inputs
of ANFIS is better, displaying estimated temperature can be neglected. Consequently
Figure 13 display ANFIS error of the estimated temperature of stator winding at 0%,
50%, 75% and 100% load.

To evaluate the performance of these ANFIS schemes, the following section
compares among the estimated Ts considering different loading conditions.
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4.3. Summarizing the ANFIS results for good comparison.

The previous results are summarized in Table 2 to evaluate the performance of
each ANFIS inputs set. Output error for each case is presented for different operating
conditions. In addition, the minimum negative, maximum positive errors and the
maximum Root Mean Square (RMS) error are shown in table 2. Moreover, the steady
state temperatures are displayed for each loading case. As observed, the temperature
scheme has better tracking of the winding temperature and minimum error in 1st case.
The proposed scheme improves the accuracy of stator temperature estimation without
affecting motor torque.

2 2
15 15
p o1 51
L 2
o 0.5 ‘5 05
i =
0 ]
T ORILLEEL T
=1 N 2
E 0.5 © -
£ E
Y ®
w w
15 15
2 2
0 50 100 150 200 250 300 0 50 100 150 200 250 300
time (s) time (s)
(a) The error of the estimated Ts at 100% and 75% load
2 2
1.5 15
P! p o1
u =
o 05 S 05
= =
wo |
ke H o O
Q Q
T 05 T 05
£ E”
= =
(77 K
! !
15 -15
2 2
0 50 100 150 200 250 300 0 50 100 150 200 250 300
time (s) time (s)

(b) The Error of the Estimated Ts at 50%Load and No Load

Figure 13. The estimated temperature error of winding at no load, 25%, 50% and
100% Load for ANFIS third case
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Table 2. Comparison between presented ANFIS schemes

Tempelrsatl:rzms Schemes 1%t case 2™ case 3t case SS (:I;e)mp.
3 Min. —Ve Error (°c) -1.077 -1.1792 -1.5762
ﬁ Max. +Ve Error (°c) 1.003 0.981 1.249 83.2
= Max. RMS Error(°c) 2.335 6.344 2.765
3 Min. —Ve Error (°c) -1.173 -1.791 -0.949
;‘: Max. +Ve Error (°c) 0,892 0.936 0.807 60
X Max. RMS Error("c) 3.577 10.363 4.242
3 Min. —Ve Error (°c) -0.995 -0.977 -1.100
;‘: Max. +Ve Error (°c) 0.948 1.196 0.905 459
3 Max. RMS Error(°c) 4.784 9.771 5.152
= Min. —Ve Error (°c) -0.907 -0.739 -1.091
% Max. +Ve Error () 1.024 1.262 1.060 38.4
= Max. RMS Error(°c) 3.231 10.111 4.0029

5. Comparing this results with other techniques results

This part displays three results of the output error that used signal injection
technique, to check the practicality of performance of the proposed technique. The
three results are obtained from three different articles. Article (1) is published by
Zhang et al. (2008). Article (2) is issued by Zhang et al. (2009). Article (3) is
published by Enany et al., 2014. The previous three research works utilize the DC
injection method with the same motor rating and same delay angle.

Figure 14(a) presents the estimated error of stator winding temperature in Article
(). The next Figure 14(b) displays the estimated error after filtered by the adaptive
Kalman filter as displayed in Article (2). Alternatively, Figure 14(c) demonstrates the
estimated error in Article (3). Figure 14(d) shows the estimated error of this research
work that uses ANFIS. It can be seen in Figure 14 that maximum RMS error of the
estimated temperature obtained by ANFIS is the minimum of them. It is around 2.3

(°c).

Finally, Table 3 summarizes these results as follow. It displays the maximum RMS
error for each presented articles results. In addition Table 3 shows the steady state
temperature for the motor loaded condition. The percentage of error with respect to
its steady state temperature case is illustrated also. Therefore the accuracy of the
temperature estimation of stator winding using ANFIS is improved. Consequently the
temperature of stator winding can be truthfully displayed.



106 EJEE. Volume 19 — n<1-2/2017

15

10

5

Estimate Error (°C)

0

(=}

20 40 60 80 100 120
Time (min)

(a) The estimated error of Ts estimation from [20]

15

10

Estimate Error (°C)
5

0

0 20 40 60 80 100 120
Time (min)

(b) The estimated error of Ts estimation from [21]

— 4

e

5 2|

w

@ 0

©

wn

w4 A . . )

0 50 100 150 200 250 300
time (s)
(c) The estimated error of Ts estimation from [24]

~ 8
@)
<

)

=
=
2w

£
T PO T T T T T e T T T O P T | R Gl

100 150 200 250 300
Time (s)

=]
o [f
>

(d) The Estimated error of Ts estimation using ANFIS
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Table 3. Comparison between presented techniques

o TF:::“S Obtained byl icte (1)larticle 2)|Article (3)This Articlel
Max. RMS Error(°c) 10 5.2 4 2.3
S.S Temp. (°c) 60 60 83.2 83.2
Error Percentage (%) 16.6 8.6 4.8 2.7
6. Conclusion

This research work presents a sensor-less and remote technique for temperature
monitoring of the asynchronous motor. The DC signal injection technique is
explained, to compute stator winding resistance/temperature using soft starter coupled
to the asynchronous motor. The torgque pulsation produced in asynchronous machine
at TMM interval is evaluated with various magnitude of the delay angle. The maximal
delay angle in the research work is considered that 6=15° to limit the torque pulsation
under an acceptable level. ANFIS processes the value of the stator temperature that
obtained from the DC injection, with other parameter such stator current to get an
accurate stator winding temperature. Three cases of the input data to the ANFIS unit
are simulated, in order to know which input and the least suitable number of inputs to
ANFIS scheme that gives the best performance. From the simulation results, the error
of the stator winding temperature estimation is 1<C at a 15°delay angle when the
winding temperature varies from 25<C to 85<C. The result of temperature monitoring
using ANFIS is compared with other techniques. Therefore a remote temperature
monitoring and protection becomes practicable for winding of asynchronous motor.
Respectable results are obtained.
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