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Three-phase  induction  motors  are  extensively  used  in the  industry  due  to  their  robustness  characteris-
tics,  low  cost  and  easy  maintenance.  Usually,  it is  necessary  to  implement  drive  and  control  systems  for
such motors,  which  requires  the  knowledge  of their  mechanical  and  electrical  parameters.  However,  in
some  cases,  these  data  are  not  immediately  available,  or the values  of  the  parameters  may  change  due  to
the wear  of motor  components.  Such  problems  can  be circumvented  if an  efficient  parameter  estimation
technique  is  available.  In  order  to  automatically  estimate  the  parameters  efficiently,  the  present  work
proposes  a method,  based  on  the  differential  evolution  algorithm,  aimed  at the  estimation  of  the  electri-
cal  and  mechanical  parameters  of  three-phase  induction  motors.  Such  algorithm  is capable  of  estimating
the  parameters  of  the  equivalent  electrical  circuit,  such  as stator  and  rotor  resistances  and  leakage  induc-
tances, the  magnetizing  inductance,  and  also  mechanical  parameters,  such  as moment  of  inertia and  the
friction  coefficient.  The  performance  of  the  proposed  parameter  estimation  technique  is evaluated  for

three  different  input  signals:  (i) current  signal  of a phase  associated  with  the  speed  measured  from  a
tachogenerator,  (ii)  current  signal  of  a  phase  associated  with  the  speed  acquired  from  a  torquemeter,  and
(iii) only  the  current  signal  of  one  phase.  Finally,  a series  of simulated  and  experimental  results  are  pre-
sented  to validate  the proposed  technique,  and  the  results  show  the good  performance  of  the  proposed
strategies.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Three-phase induction motors (TIM) are widely used in the
ndustrial sector, mainly for the operation of pumps, compres-
ors and fans, representing 68% of the Brazilian industrial energy
onsumption, which corresponds to 35% of the total consumed
lectrical energy [1]. In general, such motors operate under approx-
mately 60% of their nominal load, consequently working with
educed efficiency, which results in energy waste [2,3].

The efficiency graph of a TIM, for the nominal frequency, can
e found in its datasheet. However, these motors are often driven
y frequency inverters, resulting in operating frequencies different
rom their nominal values. One way of analyzing TIM efficiency, and

onsequently of defining which operating region is more appropri-
te for a given situation, is to perform calculations that depend on
he electrical and mechanical parameters of the motor, since such

∗ Corresponding author.
E-mail address: agoedtel@utfpr.edu.br (A. Goedtel).

ttp://dx.doi.org/10.1016/j.epsr.2017.08.033
378-7796/© 2017 Elsevier B.V. All rights reserved.
parameters, when applied to a mathematical model, may  repre-
sent the operating dynamics of the TIM [4]. However, in several
situations the parameters may  not be informed by the manufac-
turer, or external and internal influences, such as electrical and
mechanical wear or heating [5], may  modify the values of the
parameters. In addition to problems related to energetic efficiency,
a proper estimation of the TIM parameters may  influence the AC
drives performance, since the values of the motor parameters are
fundamental for controller tuning [6–8], especially the mechanical
parameters, which are related to the dynamic response during the
transient [9]. Even fault diagnosis methods can be accomplished
by monitoring the parameters of a TIM [10]. In this context, the
development of techniques for the estimation of the electrical and
mechanical parameters of TIM has become an important topic of
recent researches.

The data for the symmetric equivalent electrical circuit are typ-
ically obtained through blocked and no-load rotor experiments, as

stated in the IEEE norm [11], where the machine operates under
steady state. Although such method is simple and commonly used,
its approximation may  not be precise. Additionally, the mechan-

dx.doi.org/10.1016/j.epsr.2017.08.033
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2017.08.033&domain=pdf
mailto:agoedtel@utfpr.edu.br
dx.doi.org/10.1016/j.epsr.2017.08.033
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cal parameters are not estimated in this approach. In this sense,
omputational methods rise as attractive alternatives, due to their
apability of yielding more precise estimations of both electrical
nd mechanical parameters.

In [12] two methods are proposed to calculate the equivalent
lectrical circuit parameters. The methods are respectively based
n Artificial Neural Networks (ANN) and Adaptive Neuro-Fuzzy

nference Systems (ANFIS), and the input data are the torque, active
nd reactive power, starting current, maximum torque, full load
peed and efficiency, given by the manufacturer. The technique
roposed in [13] is based on the use of the Adaline network to iden-
ify the rotor time constant and the leakage factor of the TIM under
teady state (high frequencies), as well as the leakage resistance and
nductance of the stator (low frequencies). In [14] the use of vari-
ble frequency tests on the computation of the equivalent electrical
ircuit parameters is also proposed.

In the last years, estimation techniques for electrical and
echanical parameters of TIM, based on the use of computational
ethods, have been reported in the literature with interesting

esults. For instance, the work in [15] proposes the identification of
he moment of inertia of the TIM using only a voltage sensor, which
s modeled in terms of the parameters to be estimated, resulting
n a simple and low cost technique. The use of online parameters
stimation algorithms is also proposed in [16], which consists of

 predictive control technique based on an Euler approximation
o estimate the stator resistance from the induction motor linear

odel. In [17], a Particle Swarm Optimization (PSO) technique is
pplied to the estimation of the equivalent electrical circuit param-
ters of TIM, comparing the torque and the specifications provided
y the manufacturer.

Another class of heuristic computational methods is the class
f evolutive algorithms, which are based on defining and chang-

ng populations of solutions to minimize an objective function. The
pplication of evolutive algorithms in the TIM parameters estima-
ion has also been reported on the recent literature. In [18], the use
f genetic algorithms to simultaneously identify mechanical and
lectrical parameters is proposed, using as input only the corre-
ponding starting current and voltage. The method proposed in [19]
onsists of using the Differential Evolution (DE) algorithm to esti-
ate the rotor and stator resistances, as well as the rotor and stator

eakage inductances, by comparing the nominal, starting and stop
easured torques with the values resultant from the estimated

arameters. In [20], the influence of the temperature variation of
he electrical and mechanical parameters of TIM using only a cur-
ent signal is analyzed. Additionally, in [21] the authors propose the
nalysis of five different DE approaches to verify which is the best
arameter estimation technique for the equivalent electrical circuit
f TIM, by using simulated signals of three-phase input and output
oltages. Finally, in [22] the DE is used to estimate the parameters
f the equivalent electrical circuit and of the moment of inertia,
onsidering as input signal the simulated three-phase currents of
wo different motors.

In a general analysis, the main difficulty reported on some of
he proposed methods is the acquisition of the necessary infor-

ation for the parameter identification, as speed and torque
12,17,19]. Such papers use more sophisticated sensors, implying
igher costs of developing the project and consequently decreasing
heir attractiveness. Besides, the presented methods propose alter-
atives for the parameters estimation of either the TIM equivalent
lectrical circuit [12,14,17,21] or the mechanical parameters [15],
nstead of considering their combination. The works presented in
18,20,22] propose approaches for the estimation of both electrical

nd mechanical parameters. However, the method in [18] requires
he three-phase voltage and current data, consequently demanding
ix sensors, and [20] uses only computational data.
s Research 154 (2018) 204–212 205

In the present paper, we  propose a technique capable of
estimating the values of the rotor and stator resistances and leak-
age inductances, the magnetizing inductances (parameters of the
equivalent electrical circuit), moment of inertia and friction coef-
ficient of the three-phase induction motor. Three distinct sets of
input signals are applied to the proposed algorithm: (i) current
signal of one phase along with the speed measured from a tacho-
generator, (ii) current signal of one phase along with the speed
measured from a torquemeter, and (iii) only the current signal of
one phase. The method consists of a function approximator for
parameter estimation using the Differential Evolution algorithm,
combined with the TIM dynamical model, as described in [23,24].
In order to verify the efficiency and validate the proposed estima-
tion method, tests based on computational models executed with
experimental data were also performed.

2. Three-phase induction motor modeling

The mathematical modeling of the induction motor is essential
for the parameters estimation approach proposed in this paper.
In fact, the evaluation of a given set of parameters in the present
method is performed through the numerical simulation of the
induction motor dynamics, whose mathematical model depends
on the parameters to be evaluated, followed by a comparison of
the simulated results with the experimental data. In this paper,
the linear model of the motor is considered, since it is supposed to
operate at no-load and, consequently, the saturation region can be
neglected. The detailed induction motor modeling can be found in
[23,24].

The motor model consists of voltage and current equations from
the rotor and stator, flux of the rotor and stator, electromagnetic
torque and angular position.

A unique referential is adopted for the rotor and stator, which
can be stationary or synchronous. In this work, the only referential
adopted is the stationary one, since the measured values refer to
the stator.

The voltage and current equations of the rotor and stator are
described in (1) and (2), sub-index 1 refers to the stator quantities
and sub-index refers 2 to the rotor.

u1 = Ri1 + d
dt
�1 (1)

u2 = 0 (2)

On matrix form, Eqs. (1) and (2) are rewritten as (3) and (4):⎡
⎢⎣
u1a

u1b

u1c

⎤
⎥⎦ = R1

⎡
⎢⎣
i1a

i1b

i1c

⎤
⎥⎦ + d

dt

⎛
⎜⎝L1

⎡
⎢⎣
i1a

i1b

i1c

⎤
⎥⎦ + LH

⎡
⎢⎣
i2a

i2b

i2c

⎤
⎥⎦

⎞
⎟⎠ (3)

R2

⎡
⎢⎣
i2a

i2b

i2c

⎤
⎥⎦ + d

dt

⎛
⎜⎝L2

⎡
⎢⎣
i2a

i2b

i2c

⎤
⎥⎦ + LH

⎡
⎢⎣
i1a

i1b

i1c

⎤
⎥⎦

⎞
⎟⎠ = 0, (4)

where R1 and R2 are the stator and rotor resistances (Ohm), i1 and i2
are the three-phase currents from stator and rotor (Ampere), u1 and
u2 are the three-phase voltages from stator and rotor (Volts), �1
and �2 are the flux from the stator and rotor (Weber), respectively.

The equations for the stator and rotor fluxes are given by (5) and
(6),

�1 = L1i1 + LHi2 = LH(i1 + i2) + l�1i1 (5)
�2 = L1i2 + LHi1 = LH(i2 + i1) + l�2i2 (6)

L1 and L2 defined as

L1 = LH + l�1, L2 = LH + l�2. (7)
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he variables L1 and L2 are the stator and rotor total inductances,
espectively, l�1 and l�2 are the leakage inductances of the stator
nd rotor, respectively, and LH is the magnetizing inductance. All
he inductances are measured in Henry.

Based on the flux and current values computed in (2)–(6), the
lectromagnetic torque can be calculated by (8)

d = −P�T1Ki1, (8)

here P is the number of poles pairs and K represents the transfor-
ation matrix for the unique referential, given by (9):

 = 1√
3

⎡
⎣ 0 −1 1

1 0 −1

−1 1 0

⎤
⎦ (9)

To complete the model, the electromagnetic torque is inserted
n the mechanical equation and is denoted by

d

dt
ωmec = md − KDωmec − ml (10)

here J is the inertia moment (kg m2), ωmec is the motor speed
rad/s), ml is the load torque (N m),  md is the electromagnetic torque
N m)  and KD is the friction coefficient. When the motor is at no-
oad operation and at constant speed, Eq. (10) can be simplified,
llowing the calculation of the friction coefficient by

D = ωmec
md

(11)

n this work, a series of no-load tests were performed for the param-
ters estimation, in order to identify the friction coefficient. Using
he presented equations, it is possible to develop a state space

odel, in which the states are given by the currents and speed.
The DE algorithm, developed in this paper, is presented in Sec-

ion 3. The optimization procedure acts as a function approximator,
hose objective is to replace the parameters on the mathematical
odel by their estimated values and then compute the TIM speed

nd current curves. Such curves are then compared with the input
ignals, allowing an optimized approximation. Some applications
f DE can be found in similar papers [19–22]. The DE algorithm
resents several advantages in comparison to other heuristic algo-
ithms such as robustness, since broad boundary values can be
onsidered by the algorithm, and the inherent ability of escaping
rom local minima [25].

. Differential evolution

Differential evolution (DE), developed by Storn and Price in 1995
26], is an heuristic method, based on an iterative process, whose
bjective is to determine approximate solutions for combinatorial
ptimization problems [27]. Techniques based on DE the algorithm
re known for being capable of returning feasible solutions for com-
lex and large-scale problems with low computational costs [28],
eing considered more efficient than other heuristics.

In the present paper, the use of the DE algorithm to estimate
he electrical parameters of the equivalent circuit, as well as the

oment of inertia and the friction coefficient of the induction
otor is proposed.

The DE is categorized as a population-based algorithm, since it
eals with a set of possible solutions in order to find the desired
olution. During the process, if such a solution is still not found,
he population goes through a mutation process, followed by a
rossover; as a consequence, the population tends to the desired

olution.

The algorithm starts with the creation of an initial population,
orresponding to the first set of solutions resultant from a random
election of individuals contained in a bounded search region. The
Fig. 1. DE process.

fitness function of each solution is then calculated, which corre-
sponds to the objective function to be minimized. Three or more
individuals from the initial population are then randomly selected
to undergo a mutation process (three individuals are used in this
paper). In this step, the vectorial difference between the second and
the third individual is determined and then multiplied by a weight-
ing factor; the result is then added to the first individual, generating
the first individual of the mutated population, as presented in Eq.
(12):

vi,G+1 = xr1,G + F · (xr3,G − xr2,G) (12)

where vi,G+1 is the ith element of the mutated population, F is the
weighting factor applied to the vectorial difference and xr1,G , xr2,G
and xr3,G are the chromosomes randomly chosen from the popula-
tion prior to mutation.

After the mutation, the crossover step begins. During the
crossover, the individuals of the initial population, named target
vector, are combined with the mutated population. A random num-
ber between 0 and 1 is assigned to each chromosome element, both
for the target vector and for the mutated population, and this num-
ber is compared to the crossover rate, which is also a value ranging
from 0 to 1 corresponding to the crossover probability of an indi-
vidual of a certain population. If the assigned value is lower than the
crossover rate, then the gene of the mutated population is chosen,
otherwise the target vector gene is selected.

Subsequently, the fitness values of the individuals resultant
from the crossover operation are calculated and compared with
their respective individuals on the target vector. Finally, a new
selection stage is executed, where the best individual of each com-

parison will be part of the next generation. The process repeats
until the stop criterium, defined a priori, is met. Fig. 1 presents a
simplified flowchart of the DE process.
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ig. 2. Experimental workbench of the Intelligent Systems Laboratory of UTFPR.

. Methodology

The electrical and mechanical parameters of the TIM are essen-
ial not only for the efficiency analysis, but also for the development
f appropriate controllers. In this sense, the search for robust
arameters estimation methods with low computational cost is
onsiderably interesting for scientific researches. The use of the DE
lgorithm for estimating such parameters is important to generate

 computational alternative considered robust when compared to
ther approaches, since such optimization method allows the use of

 broad search space, comprising parameters belonging to several
ower levels.

The motor parameters to be estimated are: stator and rotor
esistances (R1 and R2), stator and rotor leakage inductances (l�1
nd l�2), magnetizing inductance (LH), moment of inertia (J) and
riction coefficient (KD). For this, we developed a function approx-
mator algorithm using a differential evolution technique. The
roposed algorithm is developed using MATLAB, which is a ver-
atile and robust software that can be successfully used as an
uxiliary simulation tool on several engineering areas, as presented,
or instance, in [29–32].

.1. Experimental structure

The input signals were obtained from an experimental testing
sing a 1-HP motor, 4 poles, 60 Hz and 220 V, connected in a Y con-
guration. The workbench used, presented in Fig. 2, is designed for
onitoring voltage, current, vibration, torque and speed of a three-

hase induction motor. The signal conditioning of the Hall sensors
llows the phase voltages and currents to be sent to the analogic
nputs of the data acquisition board. The workbench contains an
nduction motor coupled to a Direct Current Generator (DCG) with

 kW,  250 V of nominal field voltage and 250 V of nominal arma-
ure voltage, granting the acquisition of digital or analogical signals
ower than 50 Nm and 7000 rpm. Fig. 3 illustrates the block diagram
f the estimation process.

.2. Parameters estimation

The main objective of the present paper is to estimate electri-
al and mechanical parameters of the induction motor, considering
hree different sets of inputs: (i) current signal of one phase with the
peed measured by a tachogenerator, (ii) current signal of one phase

ith the speed measured by a torquemeter, and (iii) just the cur-

ent signal of one phase. Thus, it is possible to perform an analysis
o verify the most suitable methodology for estimating the param-
ters. The speed was measured using two sensors with different
estimat ion

Fig. 3. Parameters estimation block diagram.

resolutions, where the tachogenerator presents a higher resolution
than the torquemeter. The current phase chosen does not make dif-
ference for the experiments, since the machine is symmetric and
fed with balanced voltages.

The DE algorithm is executed as an offline procedure. The first
population is randomly generated, and different boundaries are
established for each parameter to be estimated. Each chromosome
corresponds to a vector containing the considered parameters.
After the computation of the initial population, each parameter
contained in the chromosome is applied to the motor dynamic
model for the calculation of the current and speed signals asso-
ciated with the chromosome. Such signals are then compared with
the measured signals, allowing an evaluation of the quality of the
corresponding parameters.

The fitness function, when only the current signal is used, is
computed using the minimum square error shown in Eq. (13),
where Ii and Îi are the measured and the estimated current sig-
nals, respectively, and N is number of samples used in the fitness
function.

fitness = 1
N

N∑
i=1

(
Ii − Îi
Ii

)2

(13)

For the cases where the speeds were also used as inputs to the
algorithm, the speed portion is added to the fitness function, as
presented in (14), where ωi and ω̂i are the measured and esti-
mated speeds, respectively. Therefore, only one fitness function is
considered for each case.

fitness = 1
2N

N∑
i=1

((
Ii − Îi
Ii

)2

+
(
ωi − ω̂i
ωi

)2
)

(14)

The linear/non-linear least squares techniques are the most used
approaches for curve fitting since they present good results, as
shown in [33–35]. However, such techniques could require the
use of weighting factors if the approximated quantities have dif-
ferent magnitudes and compound a unique objective function. In
this work, the quantities in the objective function are normalized,
avoiding the use of weighting factors, once we desire that both
quantities have the same weight. As a consequence, the proposed
technique has also yielded good results, and hence it is reason-

able to assume the results are very close to the ones obtained from
the aforementioned traditional techniques. Since the number N of
signal samples and the amount of individuals influence the com-
putational time of each iteration, some tests were performed to
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Table 1
Parameters boundaries.

R1 (�) [1 15]
l�1 (mH) [0.001 0.5]
R2 (�) [2 15]
l�2 (mH) [0.001 0.5]
J  [0.005 0.08]
KD [0.0001 0.008]
LH [0.1 1.5]

Table 2
Convergence data for all three input cases considered.

Case Generations Time (min) Best initial fitness Best final fitness

Case 1 30 147.3 2.6371 0.002670
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Table 3
Parameters estimated from the phase A current and from the speed measured by
the  tachogenerator. The resistances are given in �,  and the inductances, in mH.

Parameter R1 l�1 R2 l�2 J KD LH Fitness

Result 3.6527 0.0477 5.2438 0.0043 0.0281 0.0009 0.4545 0.002670
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Fig. 4. Comparison of the estimated and experimental currents.

Fig. 5. Comparison of the estimated and experimental speeds, measured by the
tachogenerator.
Case 2 28 137.5 2.5685 0.002124
Case 3 18 54.3 2.2712 0.002083

etermine proper values for such parameters. After such tests, it
as chosen a population with 15 individuals for all the experi-
ents. The choice of the weighting factor and crossover rate, both

anging from 0 to 1, is also extremely important for the DE method.
he higher the weighting factor, the lower the chance for the algo-
ithm to stop in a local minimum. Therefore, initially the weighting
actor is chosen to be close to 1 and, as the fitness function approx-
mates to the desired value, the factor is reduced to a value close to
, so the search is concentrated on the aimed region. In this paper,
fter numerous tests, the weighting factor was chosen to be initially
qual to 0.8, decreasing to 0.2 when the final condition is attained.
oncerning the crossover rate, a value of 0.5 is established to guar-
ntee an equal probability of choosing either the target vector or
he mutated vector. Since only one current is used, it is recom-

ended to certify that the machine feeding is balanced, in order
o reduce the uncertainties related to the estimated parameters. It
s also important to perform the test without any load, to guaran-
ee that the dynamic condition, which influences the mechanical
arameters estimation, is not affected. However, if there is no pos-
ibility of performing a no-load test, it is important to know the
orque applied to the machine.

All the tests have been performed in an Intel i7, 2.4 GHz, 8 GB
AM, Windows 8 64 bits, using Matlab 2013a.

. Experimental results

The results are divided in two parts: induction motor parame-
ers estimation and validation of the results. For the first part, three
stimations were performed, each of which considering a different
et of the input signals. The best results were used for the validation.

A broad search space was used for all the considered cases, as
resented in Table 1, generating a high parametric uncertainty. On
he other hand, the proposed strategy can estimate the parameters
or motors with distinct power levels.

The three input cases considered are: phase A current and the
peed measured from a tachogenerator (Case 1), phase A current
nd the speed measured from a torquemeter (Case 2), and only the
hase A current (Case 3). The stopping criterion established for all
ases is a fitness value lower than 0.003, since prior experiments
ave shown that, when such is attained, the error between the esti-
ated and experimental curves is lower than 5%, mainly on steady

tate, both for the speed and current signals. A second stopping cri-
erion adopted is the maximum number of generations, in order to
imit the processing time of the algorithm. In this paper, it is defined
 maximum of 50 generations, however such maximum has not
een reached in the performed simulations. Table 2 presents the
onvergence data for each considered case.
The use of the three experiments allowed for the comparison of
the obtained results, as well as for the verification of the necessity
of using the speed signal for parameter estimation. It is impor-
tant to highlight that all the input signals were generated in the
same experimental setting, guaranteeing a proper comparison of
the estimation methods.
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Fig. 6. Comparison of the estimated and experimental speeds, measured by the
torquemeter.

Table 4
Parameters estimated from the phase A current and from the speed measured by
the torquemeter. The resistances are given in �,  and the inductances, in mH.

5

5
t

r
c
g
e

c
0
i
0
t

5
t

e
w
b

p
c
s
t

y
o
c
s

5

p
u
w

Fig. 7. Comparison of the estimated and experimental currents.

Fig. 8. Comparison of the estimated and experimental speeds, measured by the
tachogenerator.
Parameter R1 l�1 R2 l�2 J KD LH Fitness

Result 3.1753 0.0405 5.6995 0.0053 0.0281 0.0013 0.5012 0.002124

.1. Three-phase induction motor parameter estimation

.1.1. Case 1: Phase A current and the speed measured from a
achogenerator

The best fitness results are shown in Table 3. Figs. 4–6 present,
espectively, both the estimated and the experimental phase A
urrent, as well as the speed signals measured using the tacho-
enerator and the torquemeter, compared with the computed
stimated value.

From Fig. 4, it is possible to verify the similar behavior of both
urrents. It is also possible to verify, on the transient, a difference of
.47% between the experimental and estimated curves. Concern-

ng the steady state of the speed curves, there is a difference of
.05% between the experimental and estimated data, both using
he torquemeter and the tachogenerator.

.1.2. Case 2: Phase A current and the speed measured from a
orquemeter

For the second case, the speed is measured using the optical
ncoder in the torquemeter. The resolution of such sensor is lower
hen compared to the tachogenerator, justifying the divergent

ehavior observed on the transient signals.
Table 4 presents the computed results with the best fitness. Fig. 7

resents a comparison of the estimated and experimental phase A
urrents, and Figs. 8 and 9 present the comparison of the measured
peeds, both using the tachogenerator and the torquemeter, and
heir estimated values.

A comparison between the presented methods shows that both
ielded good results. Analysing the results from the second method,
ne can see that the error between the estimated and experimental
urrents was approximately 3% during the transient and, for the
teady state speed, the percentual difference was  0.15%.

.1.3. Case 3: Input signal – phase A current

In order to verify the importance of the speed signal in the

arameter estimation procedure, only the phase A current signal is
sed as input for the third case. Table 5 presents the results obtained
ith the best fitness values. Fig. 10 displays a comparison between

Fig. 9. Comparison of the estimated and experimental speeds, measured by the
torquemeter.
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Table 5
Parameters estimated from the phase A current. The resistances are given in �,  and
the inductances, in mH.

Parameter R1 l�1 R2 l�2 J KD LH Fitness

Result 5.0798 0.0311 4.2047 0.0202 0.0216 0.0002 0.4705 0.002083

Fig. 10. Comparison of the estimated and experimental currents.
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Fig. 12. Comparison of the estimated and experimental speeds, measured by the
torquemeter.
ig. 11. Comparison of the estimated and experimental speeds, measured by the
achogenerator.

he estimated and the experimental current signals. Although no
peed sensor was  used for the estimation, Figs. 11 and 12 present
he speed measured by the tachogenerator and by the torqueme-
er, respectively, along with the estimated speed, allowing for an
valuation of the estimation efficiency using only the current signal.

After performing an analysis of the speed signals, one can note a
ifference between the generated and the measured signals dur-

ng the transient, which occurs due to the different resolutions
f the speed sensors. If only the current signal is used as input,
he difference between the estimated and experimental speeds is

pproximately 0.5%. Moreover, in this case, the interferences in the
peed data acquisition have no influence on the parameters estima-
ion method proposed in this paper. Note also that the difference
Fig. 13. Validation of the method using the phase A current and the speed measured
from the tachogenerator as an input signal.

between the estimated and the experimental steady state currents
is also approximately 0.5%.

5.2. Validation

For the validation of the proposed method, an input load test
was performed. Initially, the motor torque was  given by 0.5 Nm,
provided by the direct current motor coupled by the shaft to the
induction motor; after a period of 3.5 s, a torque of 2.3 Nm was
then applied. The first validation was with Case 1, which is the esti-
mation using the phase A current and the speed measured from a
tachogenerator, and the result is presented in Fig. 13. The differ-
ence between the experimental and the estimated signal at steady
state was  about 9%, which is considered satisfactory.

The second validation was  performed with Case 2, which con-
sists of using the phase A current and the speed measured by the
torquemeter as input signals of the DE algorithm. The validation is
presented in Fig. 14. Note that the steady state error, with a load,
corresponds to 6%, indicating that the use of the torquemeter opti-
cal encoder, even with lower resolution, yields a similar estimation
when compared to the measurement with the tachogenerator.

The last validation, presented in Fig. 15, was performed for Case

3, using only the phase A current as input signal. For this case, the
percentage error between the estimated and computed signals, also
at steady state with load, is given by 0.13%.
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Fig. 14. Validation of the method using the phase A current and the speed measured
from the torquemeter as an input signal.
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Table 6
Comparison with other similar works in the literature.

Work This work [17] [18] [19]

Method DE PSO GA DE

Input Voltage NO NO YES YES
Current YES NO YES YES
Speed NO YES NO YES
Torque NO YES NO YES

Parameter R1 (�) YES YES YES YES
R2 (�) YES YES YES YES
l�1 (mH) YES YES YES YES
l�2 (mH) YES YES YES YES
Lm YES YES YES NO
ig. 15. Validation of the method using the phase A current as an input signal.

Through a comparative analysis of the three validation pro-
esses, it can be observed that Case 3, which used only the current
ignal, presents a lower percentage error during the validation, at
teady state, when compared to other situations. Additionally, the
inear model developed and presented in this paper disregards non-
inearities, such as skin effect and electromagnetic saturation. As a
onsequence, discrepancies between the measured data and those
btained through simulations can be observed during the tran-
ient. However, once the steady state is attained, one can verify
he similarity of the computational model compared to the exper-
mental measurements. In particular, it is important to highlight
he information presented in Fig. 15 as one of the contributions of
he paper, which considers the curve estimated with the phase A
urrent as input signal of the proposed system at steady state. Still,
he authors applied a low frequency load step to test the robustness
f the method when the machine is subject to torque disturbances.
ccording to Figs. 13–15, it can be verified that the parameters esti-
ated from the proposed method reproduce the machine behavior

ssessed through experimental tests.
The following section presents a comparison between Case 3 of

he present paper with other similar papers in the literature.

.3. Comparison of results
A comparative analysis of the results obtained from Case 3 of the
roposed paper, and of other works in the literature, is performed

n the sequence. Table 6 presents a comparison of the parameters
stimated, as well as the input signals used, in three other papers
J  YES NO YES NO
KD YES NO YES NO

[17–19], which are based on the implementation of the PSO, GA
and DE optimization methods.

The main advantage of the proposed work, when compared to
[17–19], is the use of only one current signal for parameter esti-
mation. Furthermore, seven parameters of the induction motor are
estimated.

The method presented in [18] is similar to the technique pro-
posed in this paper, with the difference that the compared method
uses the voltage as input signal, and no validation is performed to
certify the performance.

6. Conclusion

A method for parameters estimation of a three-phase induction
motor, using a DE algorithm, is proposed in this paper. The method
consists of using the DE algorithm to estimated the parameters by
minimizing the difference between the measured signals and the
outputs of a linear model for the motor. Three experiments were
then performed in order to compare the quality of the parameter
estimation when considering different signals and sensors. Analyz-
ing the results, a small variation among the values resultant from
the three types of experiment used can be observed.

The strategies that included the speed in the input signal were
developed to properly analyze the technique that only consid-
ers the current for input signal. It was not necessary to use the
speed information to estimate the parameters, whose measure-
ment requires more sophisticated sensors.

Through the analysis performed in the validation section, it is
clear that the best result was the estimation using only the current
as input signal, where the difference between the experimental and
estimated torque was of 0.13%, at steady state.

It is also important to highlight that the DE  algorithm presents
the advantage related to the search space. In this paper, a broad
range of each parameter was  considered; nevertheless, the conver-
gence of the algorithm was satisfactory, attesting the robustness of
the method.
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