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Abstract - A novel and accurate method for induction motor online temperature monitoring based on stator and rotor
winding thermal variation using the Arduino-Matlab Simulink technique is proposed and implemented in this paper.
Estimating stator resistance as an indicator of stator winding and rotor bars temperature. Obtaining an accurate stator
and rotor resistances is very important for this approach.

A new determination of stator and rotor resistances for motor temperature monitoring in steady-state operation is
proposed based on the motor dynamic model in a rotating reference frame. In this model, the effect of iron core losses is
taken as a reflected voltage drop in the stator and rotor equivalent circuits. The skin and skew effect in the rotor circuit,
stray load loss in stator and rotor circuits, variation effect in the magnetizing inductance, and variation in stator and
rotor resistances are taken in this model to obtain an accurate temperature online monitoring. An experimental result on
a line—connected induction motor satisfied the validity of the proposed model of analysis and method of motor
temperature monitoring.

Keywords - Temperature monitoring, Stator and rotor resistance estimation, Dynamic model, Iron core loss, Stray loss,

Skin-effect, Skew effect.

1. Introduction

Many failure resources of induction motors are
caused by the breakdown of the stator winding insulation
due to the thermal overloading. Therefore, the stator
winding temperature must be monitored online to extend
the insulation life and protect the motor under thermal
overloading [1-2].

Due to the difficulty and expensive cost of installing
thermal sensors inside the machine, the protection against
thermal depends on fuses, thermal-overload relays, and
electronic-overload relays, which have had fewer costs for
many years. Recently, temperature estimation using
microcontrollers with thermal models became available to
compensate for the shortcoming of over-load relays [3].
Thermal models for temperature determination provide
higher accuracy than overload relays but cannot respond
to the change in thermal motor characteristics. The
assumed fixed machine variables in the thermal model
cannot respond to the temperature rise in case of abnormal
conditions, such as a failure in the cooling system leading
to a rapid motor failure.

The motor temperature estimators can be divided into two

categories:

1. Offline Estimation: the variables of the induction
machine are calculated offline by no-load test,

blocked-rotor test, and load test. These methods are
called variables identification methods.

2. Online Estimation: the motor variables are calculated
during the conventional operation of the machine.

The offline temperature estimation models give poor
accuracy due to the machine parameters being considered
constant. In contrast, the online estimators give more
accurate results than the offline estimators due to the
effect of temperature variation on determining stator and
rotor resistance. In online temperature calculation
methods, there are five types of stator and rotor
resistances estimation:

1. Zero sequence model by solving a least-squares
minimization problem [4]. This technique achieves
the machine parameters variation concerning zero
seguence quantities.

2. DC. injection model is simply realizable for an online
connected induction motor, but this model suffers
from harmonic generation, which appears as torque
pulsation ripple on the motor shaft [2].

3. 'Model Reference adaptive system (MRAS)
estimators.' These estimators are proposed in [5-10].
The main drawback of these algorithms is that they
need high-performance hardware to calculate the
stator and rotor resistances values due to the need to

BT T his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://www.internationaljournalssrg.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Bilal Abdullah Nasir / 1JETT, 70(6), 54-62, 2022

solve complex non-linear equations. The variation in
motor parameters is not considered in these models.

4. The hybrid model is based on a fixed thermal model
for less than 50% of a motor nominal load and
machine parameters identification model for greater
than 50% of motor nominal load to estimate the
motor temperature [9]. This hybrid model cannot
respond to the temperature rise in case of a failure in
the cooling system, which leads to a rapid failure of
the machine. Also, the parameters identification
model ignores machine variable parameters such as
magnetizing saturation, skin effect, and skew factor.

5. Induction machine dynamic model. This method does
not require any external injection. It depends on
motor parameters estimation, which is not linear and
depends on operating conditions [10-18].

In [14], the rotor resistance estimation is based on a
dynamic machine model and artificial neural network,
considering the effect of skin (slip frequency). In [15], the
rotor bar temperature estimation is based on a dynamic
model of the machine and an indirect flux-oriented control
algorithm. In [16], thermal monitoring of induction motor
in steady-state online operation is based on the Estimation
of rotor resistance in the dynamic electrical model. In
contrast, the rotor speed is calculated from the dynamic
mechanical model of the motor. This model omitted the
magnetizing saturation, iron-core loss, stray-load loss,
skin effect, and skew factor. In [17], an online estimation
motor is presented, taking the effect of temperature
variation. The magnetizing inductance is constant. The
iron-core loss, stray loss, skin effect, and skew factor are
also omitted in this model.

In [18] calculation of stator and rotor resistances is
based on the computation of D-axis rotor flux linkage
(Adr) in equation (19) of the model. Since the equation is
wrong, the author attributes the poor accuracy and high
error rate in calculating the stator resistance to the error
rate in the determination of the rotor resistance, especially
at very high speed ( high frequency ) of the motor because
the calculation of the stator resistance depends on the
calculation of the rotor resistance. The fact is that the
calculation of the rotor resistance depends on the value of
the magnetizing inductance, which is low at high speed
after the motor reaches the state of magnetic saturation.
The author believes that a high sensitivity in calculating
stator resistance is caused by errors in calculating rotor
resistance, magnetizing inductance, and leakage magnetic
inductances. Also, there is an error in estimating the
magnetic flux linkage of the stator and rotor, which is
amplified due to the high frequency of the source (high
speed of the motor), as well as the presence of an error
rate in the measurement of the source voltage, line
current, and motor speed, as the resistors calculations
depend on these variables directly. It leads to the inability
to correct Estimation and monitor the motor temperature.
The main reason for a high error in calculating stator and
rotor resistance is neglecting the effect of magnetic
saturation in calculating the magnetic inductance and the
skin and skew effect in calculating the rotor resistance.
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Also, neglecting the effect of stray losses in the motor and
the error in equation (19) caused a high error rate in the
calculation of the resistors and the Estimation of the motor
temperature.

In [19] Indeed, considering the magnetic inductance
constant during the motor operation leads to a certain
error in estimating the resistances of the stator and rotor.
Still, the author attributes the high error rate in the
calculations to the constant magnetic, which is incorrect
because an error causes a very high error rate in the
equations of the dynamic model of the machine,
especially equations (3, 4, 25) in that dynamic model. As
the researcher used equations (3, 4) in his research to
obtain a mathematical equation to calculate the rotor
resistance from equation (14), and due to the error in
equations (3, 4), the equation for calculating the rotor
resistance (14) is incorrect. It is evident from Fig. (1) in
that reference that the error rate reached 150% in
calculating the error resistance. The other mistake is the
use of equations (14-16) in calculating the resistance of
the stator from Fig. (3).

For sensor-less temperature monitoring in the steady-
state online operation of the induction motor, a new
dynamical model of the machine is proposed. The model
is considered in a synchronously rotating reference frame,
considering all the machine parameters variation. The iron
core temperature, stray loss temperature, magnetizing
inductance saturation, skin effect, and skew effect are
considered variable parameters. The rotor speed can be
estimated from the dynamic mechanical model or
measured online by measuring supply frequency, phase
voltage, and phase current. The measured parameters can
be fed to the Arduino controller with the computer Matlab
Simulink to estimate the stator and rotor resistances and
stator and rotor temperature variation online during the
steady-state operation of the motor.

2. Determination of Stator and Rotor
Winding Resistances Based on Dynamic

Model

In[ 18, 19 ], it is confirmed that the dynamic model
of the induction motor used in estimating the resistance of
the stator and rotor cannot be used. It is due to the
difficulty in obtaining acceptable accuracy in calculating
stator and rotor resistance. It is confirmed by all
references (researches) in this field through practical
experiments, and there are no reasons that can be
mentioned to diagnose the poor accuracy of the results
obtained.

I believe that the main reason for the poor accuracy of
the estimated results of stator and rotor resistances from
the dynamic model is the use of all variables in the model
as constants. It is incorrect because the machine variables
vary during the operation, which must be considered. In
addition, neglecting many variables and not entering them
within the model, such as the effect of the skin
phenomenon, skew, magnetic saturation, iron core losses,
and stray losses.
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Fig. 1 Schematic of the 3-phase induction motor-Arduino controller system

Figure (1) shows the diagram of the 3-phase
induction motor-Arduino controller system. The Arduino
is connected online with the motor through ACS-712 type
voltage and current sensors, while the motor is connected
to the supply without interior temperature sensors.

In the current dynamic model of the figure (2), all the
motor parameters will be entered into the model to obtain
high accuracy in calculating the motor resistances on
which the machine temperature calculations depend
directly. The following motor parameters can be
considered in the dynamic model:

2.1. Resistances of iron core

The iron core resistance is varied with the
temperature and air-gap magnetizing voltage and
calculated from the no-load test of the motor as [20]:

Rie = Vi / [Kp * (Ppp — I3 * RY)] @)

Vg = X * Iy = X % 1, % sin () 2)
5 1

=t 0

where V, is the air-gap or magnetizing voltage per phase
and can be calculated in terms of magnetizing reactance
(X;), no-load current (I,) and no-load sine of power
factor angle ( sin(¢,))  The iron core resistance was
obtained in terms of air-gap magnetizing voltage as given
in appendix-A.

K= (1-D) is the temperature coefficient of the iron core
loss.
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D is the iron core power loss varying rate per °C and can
be determined as [20]:

D = [Pic (o) — Pic )]/ Pic (r0) 4)

where P;.(roy is the iron core power loss at ambient
temperature, and P;. (r) is the iron core power loss at any
temperature. These iron core power losses are measured
from the no-load test of the motor.

P,, is the active no-load power loss per phase.

R,,is the stator
temperature.

resistance per phase at ambient

Q¢ is the reactive no-load power loss per phase.
X,¢is the stator leakage reactance per phase.

The resistance (R;.) of the iron core can be referred to
on the stator and rotor circuits as a voltage drop to stay the
dynamic model order fixed on the 4" order, while the
effect of iron core loss is considered as shown in figure
(1). The reflecting resistance on the stator circuit (Rg;.)
and the reflecting resistance of iron core on the rotor
circuit (R,;.) calculated as [21]:

+ (ws + LM)Z]

Rgsic = (Rsic * Wg * LM) / [Rszic (5)

(6)

is the stator iron core resistance and

Rysic = S * Rggic

Where Rg;,
calculated as:

Rsic = Ric * (ws * LM)Z / [Rizc + (wg * LM)Z] (7)
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Where L,, is the magnetizing inductance per phase and
can be obtained from the no-load test as:

Ly =X / s
ws = (2*m*f)

The modified magnetizing inductance (L,,) in figure (1)
of the dynamic model can be calculated as:

(®)

is the angular frequency in rad. / sec.

Ly =Ly * Rizc / [Rizc + (ws * Ly)?] ©)
2.2. Stray loss resistances

The stray load loss resistances can be varied with the
variation of stator and rotor resistances due to the
temperature variation. These resistances can be calculated
and introduced in the dynamic model, as shown in figure
(2). These resistances are obtained and given as series

resistances in the stator and rotor circuits [22]:
Rgsse = (ws * Lt’s)z *Rg / [R52 + (ws * Lt’s)z]
Rygsp = S% x (ws * LI{’T)Z / R’r

Where Ry, and R, ,are motor stator and rotor series
stray-load loss resistances, respectively.

(10)

(1)

S is the motor slip and L,, is the rotor leakage inductance
per phase.

2.3. Include magnetizing saturation

All induction machines operate in the saturation
region, and their characteristics are non-linear. The
variation of magnetizing reactance (X,,) is the main factor
in producing the magnetizing air-gap voltage (V).

The magnetizing air-gap voltage is the main factor in
producing iron-core losses, rotor current, mechanical
losses, and output power. The saturation reduces 1, And
tends to increase. The saturation - the effect is taken by
the relation X, = f(I,,).

This function can be obtained experimentally from
the no-load test by varying supply voltage from 125% to
25% of the rated value. Then the measurements of X,,, and
I, can be interpolated by the curve fitting technique [20]
as given in appendix-A.
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2.4. Correction factors

1.

The skew factor can correct the rotor phase leakage
reactance (Kq) [23]:

X
X,rzK—gm—Kz

2) + i—s‘;; total rotor leakage

reactance (12)
Keq = sm( ) / (m B, / Q,) rotor skew
factor (13)

Where P, is the machine magnetic pole-pairs Q, is
the number of rotor slots (bars).

The rotor phase resistance can be corrected by the
skew factor as :
Rr = Rr / Ks2 (14)
The skin effect can correct the rotor phase resistance

and leakage reactance as [21] :

R, =R, *[0.5+0.5%./S./S,, | (15)
=Xy +[ 0.4+ 0.6 x/S,./5; | (16)
Where S, is the rated machine slip and S, is the

machine slip at maximum torque and can be given as
[21]:

. - R
Sm =R,/ [(Rs + Rsss€)2 + (Xps + Xér)z] (17)

Also, the machine slip can be corrected due to the
temperature effect as [23]:

S‘r,m = Sr,m * (T + Kg) / (Tref + Kg) (18)
where T, is the rotor bar temperature at any load and
T,cr is the temperature of insulation class level and
can be obtained from the table of insulation class.

K, is constant and equal to (225) for aluminum rotor
bar type.

The dynamic electrical equations of the induction
motor are obtained from the proposed equivalent
circuit in figure (2) as:
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Fig. 2 D-Q axes of the proposed equivalent circuit in the synchronously rotating frame
Vsa = (Rs + Rgsse) lsa + Rssic ima — @s
Ve + APsq (19) (£ , p 7 diprq
sq dt 0= (Rr + Rrssé’) qu + Rrsic lmq + Wgp l/)rd + dt (22)
Vsq = (R + Rggp) Isq + Rasic lmg + Ws¥sq + % (20) Where ws, = ws — w,- =s * wg Slip speed in electrical.

rad. / sec.

: , , p dy
0= (Rr + Rrsst’) lrg + Rysic lmg — sy lprq + d:d (21)
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w, = P, * wp, is the electrical angular speed of the motor
in (electrical . radian/sec.)

Ysa» Ysq »Pra and Py, are the stator and rotor flux
linkages in D-Q axes, respectively, defined as :

Ysq = Lpg * l:sd + Ly * ?md (23)
lpsq = L’t’s *lgq T L * lmgq (24)
1[’7‘(1 = ;t’r *lpg + Lip * Ing (25)
ll,)rq = L{’r * irq + Ly * img (26)

Equations (19-22) can be transformed by making the D-
axis rotating frame coincide and rotating synchronously
with the D-axis stator current (iy;). It makes the Q-axis
stator current (is,) equal to zero (isq = 0). Then, by
assuming steady-state operation conditions, this leads to
making the derivative of flux linkages in the D-Q axes

d d dy dy
(—ws", Ly w”’,ﬂ) equal to zero, and by
dt dt dt dat

substituting equations (23-26) into (19-22) and further
reduced to obtain the following equations :

Vsa = (Rs + Rsss{’ + Rssic) isd + Rssic *¥ lpg — W * Lm *

brg (27)

Vgq = Wg * (Li’s + Lm) *lgq + W * Ly * [rg
(28)

0= Rrsic * isd + (Rr + Rrss€ + Rrsic) * ird + Wgp *
(Lfr + Lm) irq (29)
o zwst’*Lm*isd+ws€*<i€r+Lm)*ird+

(Rr + Rrssf + Rrsic) * irq (30)

In equations (27-30), assuming Lg = (Lys + Ly,) iS
the stator self-inductance and L, = (ih+Lm) Is the

rotor self-inductance. Then solve these equations to get an
expression for stator phase resistance (Rg) and rotor

z

phase resistance (Rr(t)) in terms of motor phase voltage,

motor phase current, and rotor speed (w,) as:
Ya

Z L%-
Rr(t) = Wgp * Ly * I( | — Rrsse + Rrgic)

7 Vsq\ 12
wS*LS—%) Lim

Ws*Ly

(31)
_ Vsa (ér+Rrss{’+Rr5ic) Vsq _ _
Rs(t) B isd + [ (wsp*Ly) * (isd Ws * LS)]

(Rsssf + Rssic) (32)
The rotor mechanical speed (w,,)can be calculated from
the dynamic mechanical model as :

dwm 1

dt 7(T6_T£’_Vf*“’m)

(33)

Where T, is the electromagnetic torque of the motor and
can be calculated as [21]:

3 . , . ,
T, = (E) * Pp # Ly * (g * lrq — lsqg * ra) (34)
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T, is the motor load torque in (N . m).

J is the moment of inertia in (K, .m?).

P, is the magnetic pole-pairs number.

Vy is the viscosity resistance factor N.m/ (rad. / sec.) .

The magnetizing inductance (L,,,) in terms of magnetizing
current (I,,,) from the no-load test can be introduced in the
dynamic model as a polynomial curve fitting to consider
magnetizing saturation.

isq = 0, due to the D-axis frame coinciding with the D-
axis stator current (iy).

isq 1S the measured phase current.

ird = (Vsq — ws * Lg * isd) / (ws * Lm) (35)
Ima :[isd +(ird ) | (36)
;s _ [=Vvsq+(Rs*+Rss5p)*isq+Rssic*imd

qu - (ws*Lm) (37)
g = isq + frg (38)
I, = /i;d + iz, /V2 (39)

3. Sensorless Online Monitoring Motor

Winding Temperature

In the absence of temperature sensors, it is preferred
to calculate the variation in the motor resistances during
the normal steady-state operation. Then the stator and
rotor winding temperature is calculated online at any load
and operating time as [24]:

(Rs(t)—Rs)

Ty = Ty + (40)
Ryy—Rr
T, =T, + (Ero-tr) v ) (42)

Where R, and Ry, are the calculated rotor and stator
resistance from equation (31-32).

R, and R, are the rotor and stator resistances at ambient
temperature (25°C).

o, and ocg are the temperature coefficients of the rotor
and stator winding materials type (o= 0.004,0¢,=
0.0039).

For comparison of the results of this method, the stator
and rotor winding temperature can be calculated at any
online operating time from the following relations [25]:

5
T, = . (Trer —Ta) + Ta (42)

_ (Is—1p)?

= G [Trer = Ta] + Ta 43)

r

Where I, = stator current per phase at any load.

Iy, = stator current per phase at full load from the
machine's nameplate.
I, = stator no-load current per phase.
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T,.r = reference temperature depends on the class of
insulation system(Appendix-B).
T, = ambient temperature (25°C).
4. Result and Discussion

The test bench consists of an induction 3-phase
induction motor connected with an Arduino controller on
a 3-phase A.C. supply to estimate the motor stator
winding and rotor bar temperature variation online
without sensors during any operating time and load
conditions. The motor specifications are given in
appendix-A

The Arduino controller type UNO with voltage and
current sensors type ACS 712.

The dynamic model of the motor is fed to the Arduino
controller as a code (program) to calculate the rotor and
then stator phase resistance, and the stator winding and
rotor bar temperature can be determined.

Figure (3) shows the online variation of stator
winding and rotor bar resistances with time during the
motor operation. The percentage variation of these
resistances is about 20% for the rotor bars and 12% for
stator winding during 90 minutes of continuous motor
operation. Figure (4) shows the variation of stator winding
and rotor bar temperature with time during 90 minutes of
continuous motor operation. The rotor bar temperature is
nearly 10 °C above the stator coil temperature.

5.8 :

Stator phase resistance
569 calculated without sensor
54

52
5.0
484 Measured stator phase resistance
46
44

4.2 1

Resistance (Ohm)

Rotor bar resistance calculated
without sensor

4.0+
3.8+
3.6

34 v T T T g T T T
40 60 80

1
100
Time (minutes)
Fig. 3 Resistance variation with time

60

80
Rotor bar temperature calculated
without sensor

N

75

70
65

60
Stator winding temperature
calculated without sensor

55
50
45

Temperature (C)

40

X

Stator winding temperature
measured with sensor

35
30

25+ T T T T 1
60 80 100

Time (minutes)
Fig. 4 Temperature variation with time

5. Conclusion

A new and efficient method is proposed for accurate
and sensor-less online monitoring of induction motor
temperature during continuous operation in steady-state
conditions. The accurate dynamic model of the induction
motor is fed to the Arduino programmable controller as a
code (program). The main parameters of calculation
(phase voltage and current) are measured directly online
by voltage and current sensors and then fed to the
controller to calculate the rotor and stator phase
resistances and their temperatures online.

The error in estimating rotor and stator resistances is
minimized due to the flux saturation and skin effect
considered in the dynamic model. The iron core loss,
stator copper loss, and rotor copper loss are considered
heat sources.

Appendix

The induction machine specification and parameters are
given as follows:

3-Phase, squirrel cage, A — connected , 220 V
voltage, 50 Hz, has the following parameters :

line

Poye = 1500 W, Ny = 1500 r.p.m I, = 6.6 A, P,
=2,Cos (¢p) = 0.8,
R, =510,R, =350,L,; =16 mH ,L,,
=24mH,Ly, =028H,
R;c = 280 Q at rated voltage ,] =
0.025 Kg.m?,V; = 0.002 N.m/(rad./sec.) Viscosity
resistance factor, R, = 1660 Q, friction, and windage
loss resistance, Tr, = 10 N.m full load torque, I, = 1.0
A
Design class-B, Insulation class-F, Ky = 0.75
temperature coefficient of iron core loss, .=
0.004 and o;= 0.0039 temperature coefficient of stator
and rotor material type, the magnetizing inductance as a
function of magnetizing current (I,,,) is obtained as:

Ly = 0.0476 « I3, — 0.513 = I, + 2.18 * I3, — 4.57 *
1% +4.63 % I,,, + 0.25

Ric = —0.0001985 * V;? + 0.111 V2 — 23.11 % V; +
840
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The table of insulation class levels is given as [24] The table of design classes is given as [24]
Insulation class Rated or reference Design class X,5/ X,y ratio
level temperature Ty..r (°C) A, D, and wound rotor | 1.0 (X, = X,,)

A 75 machine

B 95 B 0.67 (X;5s = 0.67 * X,,)
F 115 _

H 130 C 0.43 (Xys = 0.43 % X,,)
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