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Abstract—A sensorless internal temperature monitoring method
for induction motors is proposed in this paper. This method can
be embedded in standard motor drives, and is based on the stator
windings resistance variation with temperature. A small ac signal is
injected to the motor, superimposed to the power supply current,
in order to measure the stator resistance online. The proposed
method has the advantage of requiring a very low-level monitoring
signal, hence the motor torque perturbations and additional power
losses are negligible. Furthermore, temperature estimations do not
depend on the knowledge of any other motor parameter, since the
method is not based on a model. This makes the proposed method
more robust than model-based methods. Experimental results that
validate the proposal are also presented.

Index Terms—DSPs, induction motor drives, induction motor
protection, signal injection, temperature measurement.

I. INTRODUCTION

THIS PAPER deals with online monitoring of induction mo-
tors internal temperature. Typical applications are motor

protection from overheating, capability to generate over-torque
for limited periods, and correction of motor model parameters.

The most typical application of temperature monitoring is
for protection purposes. Operating electric motors at temper-
atures higher than the nominal during long times can affect
the windings’ insulation, producing motor life-time reduction
or even irreversible damages. The main causes of temperature
increment are cooling-system failures and excessive currents
through windings [1].

A second possible application of temperature monitoring is
over-torque generation. In steady-state operation, the motor
maximum torque is limited by its power dissipation capabil-
ity. The motor thermal time constants are much longer than the
electrical and mechanical ones. Hence, a current higher than
the nominal one can be supplied during a limited time in order
to generate over-torque without producing motor overheating.
The periods are limited by the motor internal temperature. This
over-torque capability is important in applications, where high
torque with reduced duty cycle is needed (e.g., robotics). In
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these applications, it is mandatory to know the actual internal
temperature to avoid motor damages.

Another usual application that needs temperature monitor-
ing is in high-performance controllers. Temperature variations
affect the motor drive controller performance when it uses es-
timators [2]. The knowledge of the actual motor temperature
allows correcting the parameters’ values, thus avoiding estima-
tion errors due to temperature changes (e.g., the stator resistance
can vary between 80% and 150% of its nominal value [2]).

In many electric drives, the internal motor temperature is
measured using sensors placed inside the windings. These sen-
sors can be thermocouples, thermistors, or devices based on
semiconductors. The sensors and their acquisition system may
have an important impact in low-cost applications. Moreover,
temperature sensors must be installed inside the motor during
the assembling process. Hence, it is complicated to measure the
temperature of electric motors without sensors installed by the
manufacturer or without a further disassembly to mount them.
Sensor cables between the motor and its controller can also
present troubles in case of hostile environments (e.g., electro-
magnetic noise) or can make the drive installation difficult.

For the aforementioned reasons, it is desirable in many cases
to avoid temperature sensors and estimate, instead the motor
temperature using already available measurements.

Temperature estimation methods based on thermal and elec-
tromagnetic motor models are found in literature [3], [4]. How-
ever, these methods fail when the model changes, for instance,
due to cooling system failures or its dependence on operating
conditions (e.g., fan speed).

Stator temperature monitoring is enough to protect low-power
squirrel-cage induction motors, since the stator windings present
the most frequent overheating problems [5]. Furthermore, in
low-power drives, the temperature sensor elimination has a more
significant impact in the overall system cost.

The average stator windings temperature can be estimated
by using its electric resistance measurement and the copper
resistivity dependence with temperature. Hence, an online stator
resistance measurement technique can be used to monitor the
motor internal temperature during normal operation.

If the rotor temperature is required (e.g., for high-power motor
protection), it can be estimated from the stator temperature. A
stator temperature monitoring method can be combined with a
thermal model [6] or a rotor resistance estimation method [7] in
order to obtain the temperature of both windings.

The main objective of this paper is to propose a simple low-
cost strategy to monitor the stator winding temperature of induc-
tion motors online. The strategy is based on the stator winding
resistance measurement accomplished by the motor controller.
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The stator winding resistance measurement is performed by
injecting an ac signal with very low amplitude and low fre-
quency. An embedded digital lock-in amplifier (LIA) [8] is used
to accurately measure the low frequency current and voltage
drop in the stator windings. From these measurements, the sta-
tor resistance is computed and the temperature is estimated.
The method only requires phase voltages and currents measure-
ments, which are generally available in modern motor drives.
The main advantage of this proposal is that it requires the injec-
tion of a very low level signal, improving the already published
works.

The paper is organized as follows. First, existing methods
are analyzed and their disadvantages are exposed. Then, the
proposed method is described and the measurement technique
details are given. The injected current effects on motor oper-
ation are analytically studied. In Section III, the implemented
prototype used to obtain experimental results is described. In
Section IV, experimental results that validate the correct oper-
ation in different operating conditions are shown. Finally, con-
clusions are drawn and a short discussion about the applicability
of the proposed method is presented.

II. EXISTING METHODS

A. Model-Based Methods

Stator resistance can be estimated using algorithms based on
electromechanical models [9]. This type of estimation is very
sensitive to model errors, making temperature estimations not
robust [10]. Recently, Wu and Gao [11] proposed a stator and
rotor temperature estimation method that combines ac signal
injection with a motor model strategy. This method has the
aforementioned problem: it is based on a simplified (linear)
equivalent circuit. Hence, temperature estimations are not robust
against parameter variations (e.g., due to iron saturation or skin
effect) or model uncertainties.

Milanfar and Lang [6] proposed a thermal model combined
with temperature sensors, placed in accessible locations, used
to estimate temperature-dependent motor parameters. The main
advantage of this proposal is the capability to estimate the tem-
perature of motor locations, where it is difficult or costly to
mount sensors. (e.g., rotor). The disadvantage is that it requires
specific sensors placed inside the motor (e.g., stator windings)
and it depends on the thermal model validity.

B. Signal Injection Methods

Direct stator resistance measurement allows temperature es-
timation without dependence on thermal, electromechanical, or
any approximated model. Furthermore, the temperature moni-
toring system is simpler, it requires lower real-time processing
and does not need any motor parameter to operate.

The most common technique used to measure the stator re-
sistance online is dc injection. Holliday et al. [12], De Souza
Ribeiro et al. [13], and recently Stiebler and Plotkin [14] have
proposed schemes, where a small dc current is superimposed
to the power supply current using the motor drive inverter. Lee
and Habetler [5], [15] proposed monitoring the internal temper-

ature of line-connected induction machines by using an external
device connected in series with one of the motor phases. This
device adds a dc component to phase voltages and currents,
and measures them to estimate the stator resistance. In [5], they
evaluate and correct possible temperature estimation errors pro-
duced by power cables resistance and other resistive components
connected in series with the machine windings.

Injecting extra signals to the machine, as in the former propos-
als, produces negative effects, such as power looses increment,
torque distortion, and machine magnetic saturation increment.
For these reasons, it is desirable to measure the stator resistance
with the lowest injected current amplitude as possible.

The main limitation of measuring small amplitude dc signals
is imposed by offset and drift in the analog circuits. Although
these problems can be reduced using high precision integrated
circuits, they cannot be completely eliminated (e.g., due to un-
known sensor offset). For example, Lee and Habetler report
limitations in their proposed scheme due to the analog circuits
offset and drift [15]. Their temperature monitoring system is
able to estimate temperature accurately in steady state, but not
during motor transients. In [14], the temperature estimation ac-
curacy is also limited by offset in the measured signals.

Based on the preceding discussion, it can be concluded that
the main problem to solve is how to accurately measure the stator
resistance by injecting a very low-level signal, thereby making
the secondary effects negligible. Solving this problem would
make these types of strategies really attractive for industrial
applications.

III. PROPOSED METHOD

The resistivity dependence on temperature of many materials
is traditionally used as a temperature transducer. It is used to
transform the physical variable temperature into a parameter
that can be electrically measured. The most common devices
are thermistors with positive temperature coefficient (PTC) or
negative TC (NTC). These sensors are widely used in electric
machine temperature measurement due to their robustness and
simplicity.

The method proposed in this paper uses the resistivity varia-
tion with temperature of the stator windings, which are usually
made of copper. This variation is approximately linear, and can
be described by the following equation:

T = T0 +
R − R0

αR0
(1)

where α is the temperature coefficient, approximately equal to
3.82 × 10−3 1/◦C for copper. The variables R and T repre-
sent the copper resistance and temperature, respectively, and
the subindex 0 indicates the initial state.

Modern electric drives require an initial configuration proce-
dure before the first operation. In this initialization, the mo-
tor electric characteristics are entered by the user and the
electric drive performs an automatic parameter measurement
(self-commissioning). The proposed method requires a manual
measurement of the motor temperature (T0), while the motor
drive measures the corresponding stator resistance (R0). This
temperature can be obtained by measuring, after a long-enough
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time with the motor turned off, the room temperature near the
motor.

Using (1) and the copper temperature coefficient, the mea-
surement accuracy requirements can be computed taking into
account the desired temperature estimation accuracy. For in-
stance, for overheating protection purposes 10 ◦C is an accept-
able precision. This represents less than 10% the stator windings
maximum temperature variation, from 25 ◦C (room tempera-
ture) to 130 ◦C (maximum recommended temperature for class
B insulation).

Considering the minimum required precision, the stator resis-
tance should be measured with the following maximum error:

eR (max) = eT (max)α ≈ 3,82%. (2)

The measurement method must guarantee that the RS measure-
ment error does not exceed this value.

A. Measurement Method

As previously mentioned, proposals that measure RS online
by injecting a small dc current are found in literature. The main
problem of using small dc signals is the analog circuits’ offset
and drift. These factors reduce the measurement precision if the
signal levels are too low. A simple solution to this problem is the
utilization of ac instead of dc, hence offset and drift effects do not
affect the measurements and the signal level can be significantly
reduced. As the signal level is reduced, its negative effects (e.g.,
power losses and torque distortion) are also reduced.

In this paper, a small ac signal is used to measure the stator
resistance online. The measurements are performed by using
the synchronous detection technique, used in LIAs [8].

LIAs are measurement instruments designed to measure small
ac signals in presence of noise with much higher levels. An
LIA uses a sinusoidal reference signal rX (t), and its quadrature
version rY (t)

rX (t) = sin(2π f0t),

rY (t) = cos(2π f0t).
(3)

The input signal i(t) is composed by a sinusoidal signal of
frequency f0 added to a generic function that represents noise
and harmonic distortion called n(t)

i(t) = A sin(2π f0t + θ) + n(t). (4)

A digital LIA amplifies and digitizes this signal. The pro-
cessing software multiplies the input signal by the in-phase and
quadrature (shifted 90◦) reference components

pX (t) = i(t) rX (t)

=
1
2
A cos(θ) − 1

2
A cos(4π f0t + θ) + nX (t) (5)

pY (t) = i(t) rY (t)

=
1
2
A sin(θ) +

1
2
A sin (4π f0t + θ) + nY (t) (6)

where nX (t) and nY (t) represent the noise functions after the
multiplications.

Fig. 1. Induction motor steady-state equivalent circuit with two voltage
sources. The slip is different for each frequency.

Filtering-out the ac components and keeping the average
value (dc signal), two signals with estimations of the in-phase
(real) and quadrature (imaginary) components of the input sig-
nal are obtained

X = 2p̄X ≈ A cos(θ),

Y = 2p̄Y ≈ A sin(θ).
(7)

The measurement method proposed in this paper consists of
injecting a very low-frequency signal to the stator. An embedded
digital LIA measures the current and voltage of this signal. These
measurements are used to compute the stator resistance and then
to estimate the motor temperature.

Fig. 1 shows an induction motor steady-state equivalent cir-
cuit. The proposed method does not use this model to estimate
temperature; the equivalent circuit is only used in this section to
study the method. The stator is fed by two voltage sources with
different frequencies, the power supply (VP ) and the monitoring
signal (MS) voltage source (VM ).

In order to make most of the stator current flow through the
magnetizing inductance (LM ), the MS frequency must be low
enough. Mathematically

|jωM LM | �
∣∣∣∣RR

sM
+ jωM LLR

∣∣∣∣ (8)

where ωM is the MS frequency, LM is the magnetizing in-
ductance, RR is the rotor resistance, LLR is the stator leakage
inductance, and sM is the normalized slip frequency measured
with respect to the MS. This relation can be satisfied by select-
ing a very low ωM , making its validity independent of the motor
parameters.

If this condition is satisfied, the equivalent stator impedance
at frequency ωM , seen at the motor terminals, is as follows:

ZS (ωM ) ≈ RS + jωM LS (9)

where

LS = LM + LLS . (10)

The adequate ωM value depends on the machine electrical
parameters, and in general, a correct choice is 0.1 Hz or lower.
Fig. 2 shows the RS measurement error using the approximation
(9) as a function of the MS frequency (ωM ) and the normalized
slip (i.e., different rotor speeds) for a motor whose parameters
are shown in the Appendix. For dc injection (ωM = 0), the error
is zero for any slip. For very low frequencies (i.e., ωM < 0.1 Hz),
the error is low enough for temperature monitoring applications
(<1%). If the MS frequency is lower, the measurement time
is higher and the time response can be too slow to detect fast
temperature changes.
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Fig. 2. Expected RS measurement error as a function of slip (normalized with
respect to ωM , with different MS frequencies (from 0 to 0.5 Hz). Lighter lines
indicate higher frequencies. The selected frequency is indicated with a thicker
line.

Fig. 3. Proposed temperature monitoring system block diagram.

A block diagram of the proposed scheme is shown in Fig. 3.
The lock-in amplification technique is used to measure the volt-
age and current signals at frequency ωM . From these values, the
stator resistance is computed, and the average stator windings
temperature is estimated. The stator resistance is computed as
follows:

RS ≈ Re {ZS (ωM )} = Re
{

VM

IM

}
=

VX IX + VY IY

I2
X + I2

Y

(11)

where the subindexes X and Y represent the real and imaginary
parts of the signals, VM and IM are the MS voltage and cur-
rent measurements, respectively, obtained by using the lock-in
technique.

If the MS frequency is low enough, the imaginary parts can be
neglected (IY � IX ) and (11) can be approximated to reduce
the computational requirements

RS ≈ VX

IX
. (12)

In the prototype presented in Section III, the MS frequency
is 0.1 Hz and it was experimentally verified that (12) is valid.

B. Injected Signal Effects

Any injected MS used to monitor the motor temperature has
negative incidence in motor operation. The main effects are ad-
ditional power dissipation in the motor windings, torque ripple

and braking torque. Considering the equivalent circuit of Fig. 1,
these effects can be predicted.

In Fig. 1, the stator is fed by two voltage sources, the power
supply (VP ) and the MS source (VM ). At constant speed, the
equivalent circuit is a linear system. Hence, superposition can
be applied to analyze individually the power supply and MS
currents.

The stator current is given by

IS (ω) =
VS (ω)
ZS (ω)

(13)

where IS and VS are the stator current and voltage, respectively,
and ZS is the equivalent stator impedance, which is given by

ZS (ω) = RS + jωLLS

+
1

(1/jωLM ) + (1/(RR/sω + jωLLR )
. (14)

From the stator current, the rotor current can be computed as
follows:

IR (ω) = IS (ω)
jLM

RR/(ω − ωR ) + jLR
(15)

where ωR is the rotor electrical speed. From both currents, the
electromagnetic torque, as a function of time, is given by [2]

Te(t) =
3
2

np

2
LM (iqs(t)idr (t) − ids(t)iqr (t)) (16)

where np is the pole number. The motor currents are denoted
by i(t). Subindexes s and r indicate stator and rotor, d and q
indicate the quadrature axes in the stationary reference frame.
Each current is composed by the sum of the power supply current
and the MS current

ids(t) = AP s sin(ωP t + θP s) + AM s sin(ωM t + θM s),

iqs(t) = AP s cos(ωP t + θP s) + AM s cos(ωM t + θM s),

idr (t) = AP r sin(ωP t + θP r ) + AM r sin(ωM t + θM r ),

iqr (t) = AP r cos(ωP t + θP r ) + AM r cos(ωM t + θM r ) (17)

where the amplitudes and phases are defined by

Ayx = |Iy (ωx)|,
θyx = arg[Iy (ωx)] (18)

the subindexes P and M indicate power and monitoring cur-
rents, respectively.

As a result of the different frequency components, the electro-
magnetic torque (16) has a dc component, and an ac component
with a frequency equal to the difference between the two current
frequencies. Hence, the torque can be expressed as follows:

Te(t) =
3
2

np

2
LM (Tdc + Tac(t)). (19)

The ac component produces torque ripple. This ripple can
produce a significant speed ripple if the load inertia or the ripple
frequency are not high enough.

The dc component is composed by the sum of the torques
produced by both frequencies. If the machine is working as a
motor, the low-frequency current has a negative slip. Hence,
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TABLE I
INFLUENCE OF THE MS AMPLITUDE

Fig. 4. Simulation of the electromagnetic torque with different MS amplitudes.

the torque produced by the MS is negative and it counteracts
the positive torque produced by the power supply current. This
property is used as braking technique in many applications.

The additional power dissipation generated by the MS is an-
other negative effect of signal injection methods. The MS stator
current increases the stator winding losses. Furthermore, the
negative torque component produces a mechanic power dissi-
pated in the rotor resistance. Considering that the MS frequency
is very low, the additional power dissipated by the MS in the
stator and rotor resistances is as follows:

∆P = I2
SM RS + I2

RM RR (20)

where IS and IR are given by (13)–(15), and the M subindex
indicates the MS components of both currents.

In Table I and Fig. 4, the effects for different MS amplitudes
are compared. The MS voltage used in the implementation pre-
sented in this paper is 0.005 pu, the value used in implemen-
tations that use dc injection is generally higher than 0.05 pu
(e.g., [12]–[14]).

Fig. 4 shows a simulation of the electromagnetic torque in
steady state using a model of the machine described in the
Appendix. If the MS amplitude is not low enough, the torque
ripple can be significant (0.2 pu peak). In Table I, the braking
torque, torque ripple, and additional power losses are compared.
Power losses are normalized with respect to the total resistive
power losses without signal injection.

Another secondary effect produced by the injected signal is
an eventual increment in the magnetic saturation of the machine.
This saturation cannot be predicted using the linear induction
motor model. However, if the MS level is low enough (i.e., its
current is much lower than the nominal current), its effects on
machine saturation are negligible.

The arguments presented in this section show the necessity
of reducing the MS amplitude in order to minimize its negative
effects.

Fig. 5. Schematic diagram of the electric variables measurement for one of
the three inverter phases.

Fig. 6. Embedded LIA simplified block diagram.

IV. PROTOTYPE DESCRIPTION

The proposed temperature monitoring method was vali-
dated in a DSP-based motor drive. The processing unit is
a TMS320F2812 DSP. The power stage is composed of a
MOSFET inverter operating with a dc-link voltage of 42 V.
The experimental results are taken in a 1.25 kW, low-voltage in-
duction machine, whose parameters are given in the Appendix.
Fig. 3 shows a simplified block diagram of the complete system.

The phase currents are measured using Hall effect sensors.
The three phase voltages are individually measured with respect
to inverter ground. Low-pass filters (LPF) are used to filter-out
the switching harmonics. Fig. 5 shows a schematic diagram of
the electric variables measurement. The phase-to-phase voltages
are computed by the DSP software. The temperature monitoring
accuracy depends on the voltage and current measurements.
Phase voltage or current reconstruction from the inverter states
and dc-link measurements [16] may not be accurate enough
because inverter nonlinearities (e.g., commutation times and
dead-times) significantly distort low-voltage signals [17].

The MS can be injected to the motor as stator current injec-
tion or stator voltage injection, because the proposed method
measures both variables. The implemented prototype uses a
scalar V /f controller [2]. A low-amplitude (0.005 pu) and low-
frequency (0.1 Hz) MS is added to the controller reference
voltage (voltage injection). In case of field-oriented controlled
drives, the MS should be added to the stator current reference
in the stationary reference frame [2] (current injection).

From the phase current and voltage measurements, the real
and imaginary components of the motor impedance at the MS
frequency are computed using the lock-in technique. Fig. 6
shows a block diagram of the measurement stage using this
method.
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Fig. 7. Ideal frequency response magnitudes of the filters used in the digital
signal processing stage.

The input signals sampling is synchronized with the
pulsewidth modulation commutations (at 20 kHz in this imple-
mentation) to reduce the switching noise. An excessively high
sampling frequency, compared with the filters’ cutoff frequency,
increases the implementation complexity of digital filters due to
truncation errors [18]. In the implemented drive, the sampling
frequency of the embedded LIA is divided by an integer factor
(decimation) in order to simplify the implementation of filters
with very low cutoff frequency using 32-bit fixed-point arith-
metic. An infinite impulse response (IIR) LPF is used, previous
to decimation, to avoid aliasing with high-frequency signals
(e.g., power supply current).

The LPF stage of Fig. 6 is composed of two types of cascaded
filters. A moving average filter (MAF) is used to eliminate the
fundamental ac frequency and its harmonics. The MAF duration
is made equal to the MS period, thus the filter frequency response
has “zeros” at the MS frequency and its harmonics [18]. The
IIR filter has a frequency response more suitable to attenuate
the rest of the spectrum, specially the power supply current and
switching ripple. Fig. 7 shows the ideal MAF, IIR, and cascaded
filters frequency responses.

Multiplications (5) and (6) performed by the lock-in generates
the following four frequency components.

1) DC component, whose value must be measured in (7).
2) A component with 2ωM frequency, which must be filtered-

out (mainly by the MAF filter).
3) A component with ωM , coming from the current and volt-

age measurements offset, which must also be filtered-out
(mainly by the MAF filter).

4) Components of frequencies ωP ± ωM , produced by in-
termodulation with the power supply waveform. If ωP >
ωM , these components will be filtered-out (mainly by the
IIR filter). When ωP is very low (i.e., ωP ≈ ωM ), the
power signals (voltages and currents) will not be com-
pletely filtered out. In this case, the power signals con-
tribute to the RS measurement in the same way as the
MS, because they have very low frequency and (8) is
valid. The first experimental test (see Section V) shows

Fig. 8. Oscilloscope capture of a phase current. The low-amplitude MS is
added to the fundamental power supply current.

Fig. 9. Stator temperature temporal evolution. An 80-mHz speed step is ap-
plied at t = 9 min. At t = 38 min, the power supply current is turned off.

the correct operation in this regime. Temperature estima-
tions have lower fluctuations than the other tests because
measurements are based on a much greater signal (the
power supply current).

After the ac components are filtered out, four dc values that
represent the real and imaginary components of the MS current
and voltage are obtained. From these measurements, the RS

value is computed using (11) [or its approximation, (12)] and
the temperature is estimated using (1).

V. EXPERIMENTAL RESULTS

The experimental tests performed with the prototype consist
of running the motor under different operating conditions. The
temperature estimated using the proposed method is compared
with a sensor measurement. The temperature sensor is an inte-
grated circuit (LM35) placed inside one of the stator windings.
Fig. 8 shows an oscilloscope capture of one phase current, com-
posed by the fundamental power supply current added to the
low-level and low-frequency MS signal.

In Figs. 9–11, the results obtained for different rotor speeds
are shown. At the beginning, the motor is at room tempera-
ture in steady state. In Fig. 9, an 80 mHz speed reference is
applied at t = 9 min. A significant temperature rise is pro-
duced because the cooling system does not operate correctly
at very low rotor speeds (the fan is coupled to the rotor). The
power supply current is turned off at t = 38 min, initiating
an exponential temperature decrement down to room temper-
ature. The plot shows that the temperature estimation follows
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Fig. 10. Stator temperature temporal evolution. A 125 Hz speed step is applied
at t = 10 min. At t = 44 min the power supply current is turned-off.

Fig. 11. Stator temperature temporal evolution. A 40-Hz speed step is applied
at t = 6 min, and at t = 33 min the speed is reduced to 4 Hz. At t = 57 min,
the power supply current is turned off.

correctly the actual temperature. It must be taken into account
that the estimated temperature is the stator windings average
temperature, and the measured temperature is obtained using a
sensor placed inside one of the stator windings. Comparisons be-
tween stator resistance-based estimations and temperature mea-
sured in different locations of stator windings can be found in
the literature [5], [15].

The sequence for Fig. 10 is similar to Fig. 9, but with a 125 Hz
speed reference (near 1.5 times nominal speed). In Fig. 11, a
40 Hz speed reference step is applied at t = 6 min, then the speed
is reduced to 4 Hz at t = 33 min. This rotor speed reduction
also reduces the motor ventilation, thus incrementing the motor
temperature, as shown in the plot. The power supply current is
turned off at t = 57 min.

In the presented results, the maximum estimation error is
near 2.5 ◦C (less than 1% error in the RS measurement), which
satisfies the monitoring requirements stated at the beginning of
this paper. Furthermore, temperature estimations can be used
to compensate the model parameters used in high-performance
controllers. It is worth noticing that the experimental tests in-
clude speed and current transients. This shows that the proposed
method is valid for any operating condition.

VI. CONCLUSION

A method that estimates the internal temperature of induction
motors, without using additional sensors, was proposed in this
paper.

The method injects a low-level signal to the stator windings in
order to measure their electric resistance. The proposed method
has advantages with respect to the other methods found in litera-
ture. The measurement technique, which uses ac signals instead
of dc signals, allows a significant reduction of the MS amplitude
without affecting its accuracy, even in presence of high offset,
drift, or noise in the analog circuits. Hence, the proposed mea-
surement technique solves the main problem found in previous
publications related to dc signal injection.

It is mathematically demonstrated that the MS level reduction
allows a significant decrement in torque distortion and additional
power losses.

The experimental results show that the proposed method is
able to accurately estimate the stator temperature in the whole
motor speed range, even in current and speed transients, and in
field weakening region (very high speed). The reported maxi-
mum estimation error is 2.5 ◦C.

The mathematical analysis and the experimental prototype
presented in this paper are applied to induction machines. How-
ever, the proposed technique is applicable to other types of ac
machines, such as synchronous or brushless machines.

It is worth noticing that although in this paper the signal in-
jection method is implemented using the motor drive inverter,
the same technique can be applied to line-connected motors by
using external devices. The only modification to the external de-
vice proposed in [5] and [10] can be implemented by software.
Instead of injecting a dc offset in one motor phase, the injected
component must be a low-frequency ac. The digital signal pro-
cessing complexity required for the technique implementation
is low, and it does not need high-speed microprocessors.

APPENDIX

TABLE II
INDUCTION MOTOR ELECTRIC PARAMETERS USED FOR THE EXPERIMENTAL

TESTS AND THE SIMULATIONS
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