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Abstract

This paper proposes an off-line method to determine the electrical parameters 
of an induction machine based on two instantaneous indicators (impedance 
and power). The method uses the induction machine start-up voltage and 
current measurements. Also, the proposed method employs a space vector 
dynamic model of the induction machine referred to the fixed stator reference 
frame. This model allows the representation of the instantaneous indicators in 
terms of the machine electrical parameters. An error function is defined using 
the indicators obtained from the measurements, versus the corresponding 
derived from the dynamic model of the machine. The estimated parameters 
are obtained by minimizing this error function by means of a constrained 
nonlinear optimization algorithm. The effectiveness of the proposed method 
was experimentally validated. The results from the model using the estimated 
parameters fit the experimental data sets with average error below 5%.
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Resumen

En este trabajo se propone un método fuera de línea para determinar 
los parámetros eléctricos de una máquina de inducción basados en dos 
indicadores instantáneos (impedancia y potencia). El método utiliza las 
medidas de tensión y corriente durante el arranque de una máquina de 
inducción. El método propuesto emplea un modelo vectorial dinámico 
referido al sistema de coordenadas del estator. Este modelo permite la 
representación de los indicadores instantáneos en términos de los parámetros 
eléctricos de la máquina. Se construye una función de costo utilizando los 
indicadores obtenidos a partir de las medidas de tensión y corriente, versus 
los correspondientes indicadores calculados a partir del modelo dinámico. Los 
parámetros estimados se obtienen mediante la minimización de la función de 
costo, utilizando un algoritmo de optimización no lineal con restricciones. La 
eficacia del método propuesto fue validada experimentalmente.

----------Palabras clave: máquinas de inducción, estimación de 
parámetros, transitorios de máquinas rotativas, estimación no lineal

Introduction
Induction machines are widely used in industrial 
applications mainly for their ruggedness, 
reliability, low cost and maintenance. The 
parameter estimation for high power induction 
machines (rated power ≥200kW) is useful in 
different applications, e.g.: energy efficiency 
evaluation, start-up’s time and current estimation, 
protective device coordination analysis, steady 
state and transient studies in the power systems.

The simplest method for parameter estimation is 
the classical no-load and locked-rotor tests of an 
induction motor [1]. An improvement over this is 
to use the manufacturer’s data to determine the 
National Electrical Manufacturers Association 
(NEMA) design induction motor parameters [2].

On the other hand, using the linear equivalent 
circuit of the electromechanical converter in 
balanced, sinusoidal and steady state operation, 
an impedance function can be defined. This 
input impedance is a function of the equivalent 
circuit parameters, the electric frequency and the 

slip. Applying the same simplifying hypothesis 
used in the estimation of the transformer model 
parameters, an analogous method can be used 
for induction machines. The transformer based 
parameter estimation method gives an initial, 
close and feasible solution.

A second approach is using an error function 
that takes the squared mismatch between the 
measured impedance and the one obtained from 
the machine model. This error function uses the 
values in at least three independent operating 
points (i.e. no-load, locked-rotor, and any other 
operating slip). The absolute minimization of 
this error function results in better parameter 
estimation for this set of operating points. In order 
to acquire a physically feasible set of parameters, 
it is necessary to solve the optimization problem 
with box type constrains. The parameters 
restrictions upper and lower bounds are set using 
a common range in per unit.

There is a nonlinear relation between the machine 
parameters and the electrical frequency, described 
by the input impedance. The instantaneous time 
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response has a linear relation between parameters 
and state variables when assuming a constant or 
quasi-constant rotor speed. [3-6] proposed a real 
time estimation of the parameters using linear 
regression based on the second and third time 
derivatives of the stator currents and second 
time derivatives of the stator voltage. This 
identification method uses the quasi-stationary 
induction machine equations and considers the 
core saturation.

Recent works follow other approaches to solve 
the induction machine parameters estimation 
problem. In [7] is proposed the use of adaptive 
linear neuron (ADALINE) for online electric 
parameter identification of the induction machine 
at standstill. [8, 9] proposed an offline method to 
estimate the parameters of multiphase induction 
machines with distributed windings. [10] 
submitted a method applicable to a double cage 
induction motor based on the manufacturer’s data 
using a constrained minimization. [11] introduced 
a method using steady state voltage, currents, 
power and speed measurements. Meanwhile, 
[12] proposed a technique to estimate parameters 
from a distributed more accurate model obtained 
using a 3D magnetic equivalent circuit analysis. 
[13] uses a lumped parameters model including 
saturation effects and core losses recovered with 
magnetic field analysis of the induction machine.

The rotor resistance value is bound to change due 
to temperature variations during the machine’s 
normal operation, affecting the speed control 
performance. In this sense, many authors have 
suggested several solutions to solve it [14-17]. 

In addition, [18] shows a methodology to estimate 
the induction machine parameters using a VSI 
PWM to inject low and high frequencies to estimate 
the rotor resistance, leakage and magnetizing 
inductances while maintaining the motor at 
standstill. [19] provided a solution to obtain the 
parameters using simulated data, through the 
minimization of the errors between the model’s 
dynamic performance and these data; genetic 
algorithms were used to minimize the errors. 
However, the use of genetic algorithm implies a 

large computational cost [20]. Furthermore, [21] 
proposed a parameter estimation method based 
on a curve fitting technique of the stator current 
response and the dynamic model of the machine. 
This method was validated using time-harmonic 
finite-element analysis for a triple cage induction 
machine and assuming the stator resistance as a 
known parameter. More recently, [22] proposed 
the use of iterative calculations to minimize the 
difference between the losses calculated with the 
model and that by using finite-element analysis 
(FEA).

The linear regression can be applied for constant 
or quasi constant rotor speed operation. Since a 
nonlinear regression is proposed in this paper, 
together with the use of the instantaneous 
impedance  or power  during 
the induction machine start-up, in this case, the 
constant or quasi-constant rotor speed restriction 
is released. Also, the instantaneous impedance or 
power is adjusted in a least squares sense, to the 
instantaneous values of the impedance or power 
calculated with the measured stator voltage and 
currents. The proposed method requires the 
instantaneous mechanical speed, either estimated 
or measured [23-26]. The main objective of 
this work is to obtain the induction machine 
parameters in industrial environments, given that 
conventional and standard tests are difficult to 
apply in field conditions [1]. The instantaneous 
impedance or power equation is derived using 
the induction machine model in the fixed stator 
reference frame. Each impedance or power value 
obtained from measured variables is compared 
with the same one obtained from the dynamic 
model and used to compute the least square error 
function. The machine start-up is used to produce 
several groups of independent (uncorrelated) data 
sets in one test. The proposed method requires a 
first order derivative of the stator current, instead 
of the higher order derivatives required by the 
quasi-static approach [3-6].  Additionally, with 
the elimination of the quasi-static restriction, 
the method can be applied under load transients, 
such as the machine start-up. Finally, since the 
proposed method requires only stator and current 
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measurements, it results convenient for industrial 
environments. A previous approach was presented 
in [26] using simulation and the angular speed 
estimation obtained from electric torque during 
no-load start-up. In this paper, an experimental 
validation of the proposed method is included, 
using current spectral speed estimation in a start-
up [23, 24, 27-29].

Induction machine model
The space vector model of the induction machine 
in the fixed stator reference frame αβ, can be 
represented in Eqs. (1-3) [30],

  (1)

  (2)

  (3)

where, p=d/dt, the superscript * stands for the 
complex conjugated,  and  are the stator 
and rotor current space vectors,  is the stator 
voltage space vector. The parameters required 
by this model are the stator resistance Rs, the 
stator inductance Ls, the rotor resistance Rr, the 
rotor inductance Lr, the coupling stator-rotor 
inductance M, the number of pole pairs np and the 
moment of inertia J, Tm is the mechanical load 
torque, and ωm is the mechanical angular speed. 
The coordinate transformation αβ used in this 
paper is in Eq. (4),

  (4)

Parameter estimation

Stator indicators

The proposed method for estimating the 
parameters for the induction machine’s equivalent 
circuit is based on the instantaneous stator input 
indicators, such as, the instantaneous power 
or impedance. The machine model Eqs. (1-3) 

is expressed as function of the stator and rotor 
currents. Nevertheless, the rotor current is not a 
measurable variable in a squirrel cage induction 
motor. The rotor current expressed as function of 
the stator flux linkage  is presented in Eqs. (5) 
and (6),

  (5)

  (6)

Replacing Eq. (6) in (1) and (2), the expressions 
(7) and (8) are obtained,

  (7)

   

  (8)

where, . Finally, the instantaneous 
stator indicators are found from Eqs. (7) and (8) 
as Eqs. (9) and (10),

   

  (9)

   

  (10)

The instantaneous stator input indicators  or  
depend on the stator voltage space vector, stator 
current space vector, flux linkage, angular speed 
and the machine parameters. The instantaneous 
stator voltage and current are measured directly 
from the machine terminals. Simultaneously, both 
the stator current derivative and flux linkage can 
be estimated from the stator voltage and current 
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space vectors. Flux linkage  shown in (Eq. 11), 
is determined by integrating Eq. (7),

  

while the current space vector derivative  can 
be numerically calculated from the current space 
vector . Finally, to calculate the instantaneous 
stator input indicators is necessary to know the 
angular speed of the induction machine, obtained 
from direct measurements or from a speed 
estimator. 

Optimization problem

The cost function Ψ used for the parameter 
estimation compares each measurement of the 
instantaneous input indicator  with the one 
calculated using the machine model developed in 
Eq. (9) or (10) . The function takes the square 
difference between the N values acquired, as 
depicted Eqs. (12) and (13).

  (12)

where,

   or   (13)

the instantaneous input indicators  is obtained 
using (9) or (10), and N is the number of 
recorded measurements. The minimization of 
the cost function (12) produces the optimal set of 
parameters.

The stator space vectors  and  require four 
independent measurements, they are two line to 
line voltages, and two line currents [31]; as is 
presented in Eqs. (14) and (15),

  (14)

  (15)

where, vab + vbc + vca = 0 and ia + ib + ic =0.

Experimental results
The proposed method’s experimental validation 
has been carried out for an induction motor, with 
nameplate information presented in Table 1. The 
acquisition system employs four channels with 
18 kHz sampling frequency per channel, allowing 
the measurement of two stator line-line voltages 
and two stator line currents. Figure 1 shows the 
experimental setup.

Table 1 Induction motor nameplate information

Pn Vn In cosφ nn f

5.5 kW 416 V 10.6 A 0.84
1750 
rpm

60 Hz

(a) Schematic

(b) Experimental test rig
Figure 1 Experimental setup

The experimental test performed consisted in a 
direct startup of the induction machine with a 
three-phase sinusoidal voltage source at rated 
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frequency. To emulate the start-up time of the 
induction machine with a rated power within 
the range under a study (≥200kW), the supply 
voltage was reduced to 0.25Vn.

The instantaneous rms voltages and currents 
are shown in Figure 2. The total start-up time is 

around 18 s. During the start-up, there was a drop 
near 2% of the operating voltage, due to the large 
stator currents and to the short circuit level of the 
power supply. The machine stator resistance was 
0.033 pu, measured directly from the machine 
terminals. The stator flux linkage was calculated 
with (11) and is shown in Figure 2c.

(a) Line-line voltage  (b) Line current

(c) Stator flux linkage space vector locus

Figure 2 Experimental rms voltages and currents, and stator flux linkage estimation during a start-up

Figure 3a presents the steady state stator current’s 
spectrum showing the signal harmonic distortion. 
To calculate the current derivative  the stator 
current high frequency harmonics are first filtered 
out using a low pass Butterworth filter [32], and 
shown in Table 2. Filters with coefficients were 

also used for processing voltage and current 
signals to avoid delays between signals. Figure 3 
displays the measured stator current, the filtered 
one; and the current derivative calculated from 
the filtered current.
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Table 2 Butterworth filter design specifications

Filter use Type Order
Cutoff 

frequency
Current derivative 

calculation
Low pass 5 100.5 Hz

Figure 3 Stator current and its time’s derivative 
calculated

The numerical approximation used to determine 
the stator current derivative is presented in Eq. 
(16),

  (16)

where, Ts is the sampling time.

Sensorless speed estimation

The parameter estimation method proposed in 
this paper requires the mechanical speed. This 
paper uses a sensorless speed estimation based 
on the information contained in the stator line 
current spectrum. The speed estimation was 
accomplished by analyzing the harmonics 
produced by the rotor slots and their trace in stator 
current [23, 24, 29]. The resulting mechanical 
speed is presented in Figure 4. The gaps presented 

in this figure were produced by the filters used in 
the estimation algorithm. However, the presence 
of these gaps does not preclude the use of the 
proposed parameter estimation method.

Figure 4 Sensorless speed estimation

Experimental validation

The induction machine parameters are obtained 
by a nonlinear constrained optimization with Ψ 
as objective function, presented in Eq. (17). The 
restrictions are adjusted as a set of inequality 
equations using typical parameter range limits 
in per unit system. The optimization was 
accomplished by applying the interior point 
algorithm [33].

  (17)

where, xz=[Lσs Lσr M Rr]
t, lb=[0.005 0.005 1 

0.005]t is the lower bounds vector, ub=[0.1 0.1 
3.5 0.1]t is the upper bounds vector.

Table 3 shows the results for the case under study, 
where the stator resistance Rs is assumed to be 
known. The results are expressed in per unit, and 
the rated values (Table 1) were taken as bases.
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Table 3 Estimated induction machine parameters

Indicator Lσs Lσr M Rr Ψ Computer time
0.0538 pu 0.0561 pu 1.6823 pu 0.0181 pu 2.4442 x 10-3 107.9 ms
0.0538 pu 0.0561 pu 1.6823 pu 0.0181 pu 2.4442 x 10-3 107.5 ms

(a) Instantaneous measured impedance amplitude  and instantaneous error during the start-up

(b) Calculated instantaneous active power and 
instantaneous error during start-up

(c) Calculated instantaneous reactive power and 
instantaneous error during start-up

Figure 5 Experimental results

The results show that the proposed methodology 
allows an accurate fitting of the machine model 
when compared with the experimental response. 
In addition, the average error per measurement is 
approximately 4.76%. Figure 5a displays the input 
impedance magnitude  along the complete 
start-up of the motor, and the absolute error 
during time segment. Figures 5b and 5c display 

the input active and reactive power pin(t) and 
qin(t) during the machine’s start-up, the respective 
absolute error and their average (AVG) error. 
The estimated parameters give a representation 
of the induction machine start-up, especially in 
steady state, in which the absolute error is under 
4%. An additional test for evaluating accuracy 
of the estimation is using the value of the rotor 
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resistance, obtained with a three-phase locked-
rotor impedance test at reduced frequency (15Hz) 
[1]. This additional test yields a rotor resistance 
of 0.0184 pu, versus 0.0181 pu obtained with 
the proposed method. This parameter is the most 
important in the induction machine’s energy 
conversion exchange behavior and also is the 
most complex to measure.

Conclusions
In this work, a method to estimate the parameters 
of an induction machine had been proposed, using 
noninvasive voltage and current measurements. 
Instantaneous impedance and power were used 
as error indicators in the cost function. The 
proposed method was experimentally validated 
in a squirrel cage machine starting on load 
condition. The average error for the indicator 
mismatch for each measurement was less than 
5%. This method represents a good alternative 
to achieve full and precise parameter estimation 
in industrial environments. The parameter 
set obtained is independent of the indicator 
impedance or power used. This method is robust, 
powerful tool and easy to implement for off-line 
parameter estimation. The estimated parameters 
are highly dependent on the measurement 
precision of the stator resistance. However, a 
precise measurement of this resistance can be 
obtained with the induction motor at stand still. 
The main difficulty of the method, to get good 
accuracy, rests in obtaining the stator current 
derivative. Finally, the method does not need 
slow variations of the angular speed.
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