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Estudio de caso

Resumen
En este artículo se analizan los efectos de los hue-
cos de tensión reales en el comportamiento del mo-
tor de inducción. Para ello se desarrolla el modelo 
matemático de un motor de inducción trifásico, se 
modelan los huecos de tensión reales variando los 
parámetros de profundidad y duración con el fin de 
someter el motor de inducción una gran cantidad de 
huecos de tensión y por último se presenta el análi-
sis de los resultado obtenidos. Los análisis se enfo-
can sobre las variables de picos de corriente y picos 
de par, se determina una clasificación por grupos de 
severidad de los efectos en función de la tipología 
del hueco y la variable analizada.
Palabras claves: Distancia euclídea; Grupos de se-
verida; Modelos de huecos reales; Modelo del mo-
tor de inducción; Picos de corriente; Picos de par.

Abstract
This paper analyzes the effects of real voltage sags 
in the behavior of an induction motor. The mathe-
matical model of a three phase induction motor is 
developed,the real voltage sags are modeled varying 
the depth and duration parameters to subjectthe in-
duction motor to a large samples of voltage sags. 
Current peaks and torque peaks are analyzed and 
classified on a group of severity based on effects pro-
duced by sag typology.
Keywords: Euclidean distance; Groupsof severity; 
Real sag model; Induction motor model; Current 
peaks; Torque peaks.
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INTRODUCTION

Currently, energy quality is an interesting topic due 
to the effect that electric disturbs cause in electri-
cal systems. Sags are identified as a fall of voltage 
signal with short duration. Due to their frequent 
presence on electrical systems their severity could 
be worse than other kind of disturbances in elec-
trical network.

It is well known that induction machine be-
longs to almost 80% of electrical industrial loads 
due to it special electrical and mechanical charac-
teristics (Hedayati & Mariun, 2012). Induction mo-
tor is very sensitive to sags voltage disturbances. In 
fact, is necessary to understand the behavior that 
induction motor will have when it is subjected by 
voltage disturbance sags.

Many studies and researches have been carried 
out to asses, satisfy and enhance the power quality 
effects in induction motor, however the most of sag 
contribution studies develop models based on ideal 
sags that in most cases do not represent real scena-
rios of sags effects. Features as presence of delay in 
the voltage recovery after the fault is cleared, fall 
slope, recover slope and peaks of short duration are 
ignored when ideal sags are used in the simulation 
of electrical systems. It is wrong to not include such 
parameters because the excessive voltage drop due 
to the feeder impedance prevents fast recovery of 
the internal electromagnetic forces of motor (Aree, 
2012). The effects caused by real sags on the motor 
dynamics are discussed in this paper.

METHODOLOGY

Induction machine model

The selected induction motor model is the single 
cage, and for the estimation of its parameters the 
technique in (Jaramillo-Matta, 2010) is used, this 
technique, called torque-speed tracking, begins 
with manufacture data and solve issues caused by 
missed functional points given by manufacturer.

Modeling sags

The real sags not consider a pattern easy to identify, 
they have different features of waveform, duration 
and depth. Real sags present different magnitudes 
before, during and after fault happen, they are not 
rectangular. Modeling a sag by ideal path invol-
ves loss of information because effects produced 
by voltage sags are closely related to the way that 
voltage drop on each phase (García-Quintero, Vi-
llada-Duque, & Cadavid-Carmona, 2011).

Effects of real sags on induction motor

Current peaks and torque peaks studies exposed 
that induction motor effects are very sensitive to 
short interruptions and voltage sags (Bollen, Ha-
ger, & Roxenius, 2003; Guasch, Corcoles, & Pe-
dra, 2000, 2004; Pedra, Sainz, & Córcoles, 2007). 
Current peaks and torque peaks are analyzed 
and classified on a group of severity based on 
effects produced by sag typology. A distance from 
peaks-duration-depth 3D surfaces to maximum 
peaks surfaces is calculated to obtain the most se-
vere effects caused by each sag type.

Procedure
The normalized distances (D) between surfaces of 
current peaks and torque peaks generated by real 
sags are calculated as follows:

	 (1)

	 (2)

Where X can be the surface of typology corres-
ponding to the sag analyzed (A, B, C, D, E, F, G), 
Y can be the surface of typology corresponding to 
the sag analyzed (A, B, C, D, E, F, G) but also can 
be the surface of maximum values for each varia-
ble (IMAX, ΓMAX). The surface of maximum values 
is used as Reference in order to calculate the dis-
tance to be analyzed.
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As an example, Figure 1shows the surface of 
Maximum values of all current peaks (Reference 
surface) and the current peaks surface caused by 
voltage sags type G.

The distance between the surfaces in Figure 1 
is calculated as in the equation (1) and the result 
is 43.959%.

In Figure 2 is shown the torque peaks surface 
caused by voltage sags type B. In this case the dis-
tance between the surfaces is 35.443%, and is cal-
culated as in the equation (2).

RESULTS

Induction machine model

For construction of electromechanical mode dam-
ping, the linearized model around nominal ope-
ration is commonly used. The specifications 
of selected induction machine are as follows: 
P=75kW, VL=3,3kV, frequency=50 Hz, nm=1455 
r/min.

Figure 1. Surface of Maximum values of all current peaks and surface of current peaks caused by sags type G.

Source: own work

Figure 2. Surface of Maximum values of all torque peaks and surface of torque peaks caused by sags type B.

Source: own work
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Induction machine model used is showed in 
Figure 3; also electrical parameters calculated by 
torque-speed tracking are depicted in Table 1.

Table 1. Parameters estimated by Torque-Speed 
Tracking technic (Jaramillo-Matta, 2010).

P (KW) rs Xsd Xm Xrd rr

75 0,098 0,155 4,127 0,155 0,077

Figure 3. Steady state equivalent circuit of induction 
machine (Pesquer, 2006).

The equations that represent electrical behavior 
of induction machine are:

	 	 (3)

	 	 (4)

The ratio among magnetic fluxes and currents is:

	 	 (5)

Understanding that the Msr matrix (coupling 
coefficient matrix of the flow created by the rotor 
windings and concatenated by the stator coils) is 
equal to the Mrs Matrix (coupling coefficient ma-
trix of the streams created by the stator coils and 
concatenated to the rotor windings), it leads to the 
torque equation (6):

	 	 (6)

Due to the dependency of equation (6) with θ, 
workload-calculating time would increase, and it 
cannot be calculated if basic methods of differen-
tial equation solution are used. To solve this pro-
blem, the Ku transformation is implemented (Bort, 
2002) to convert complex and variable coefficient 
into lineal constants coefficients.

Real sag model

Modeling a real sag by mathematical function with 
polynomial regression technique would suppose 
a loss of important information, to illustrate this, 
Figure 4 shows a real sag and it approximation 

Figure 4. Mathematical sag model obtained from 50 grade polynomial regression and sag measured by signal analyzer.

Source: own work.
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(calculated) by 50 grade polynomial regression 
using the polyfit() function of Matlab, however fea-
tures as fall slope, recover slope, minimum descent 
point and start point change from real model to 
mathematical expression.

To avoid this issue, the model is obtained by elec-
trical signal analyzer with resolution of 0.833ms; 
an interpolation technique was applied to obtain 
200 samples per cycle. From 12 three-phase real 
sag samples within different magnitudes, durations 
and shapes, 7500 real sags were obtained.

Effects of real sags on induction motor

The effects need to be measured, the procedure 
consist on calculation of distance from surfaces ge-
nerated by real sags, for each sag topology, on the 

variables current peaks and torque peaks obtained 
in simulations. Overall results can be checked in 
follow items:

Current peaks
The sags type E obtain the less distance from maxi-
mum peaks surface reaching the 9.9%, in other 
side the sags type G present the longest distance 
among other sags typologies being those last one 
the less severe. Results can be checked inTable 2.

Torque peaks
The sags type A, D, F and E have the minor distance 
from maximum peaks surface, their distance vary 
from 12% to 20%. The minor distance is obtained 
with sags type A which distance reach the 12.6%, 
being this one the most severe as Table 3shows. 

Table 2. Normalized distances between peak current surfaces obtained by real voltage sag

Real (% PU)
Real (% PU) IA IB IC ID IE IF IG IMax

IA 0 21.208 25.563 20.005 29.683 27.006 19.629 33.597
IB 21.208 0 25.075 2.7300 28.301 17.296 15.144 32.760
IC 25.563 25.075 0 22.798 18.006 20.846 33.403 15.799
ID 20.005 2.730 22.798 0 26.308 15.946 16.060 30.782
IE 29.683 28.301 18.006 26.308 0 13.761 39.930 9.9723
IF 27.006 17.296 20.846 15.946 13.761 0 31.079 20.164
IG 19.629 15.144 33.403 16.060 39.930 31.079 0 43.959
IMax 33.597 32.760 15.799 30.782 9.9723 20.164 43.959 0

Source: own work.

Table 3. Normalized distance between torque peaks for real voltage sags.

Real (% PU)
Real (% PU) ΓA ΓB ΓC ΓD ΓE ΓF ΓG ΓMax

ΓA 0 33.6457 31.0546 21.2939 17.4724 21.8717 21.5440 12.688
ΓB 33.6457 0 6.8554 18.7728 20.4888 22.5843 18.2089 35.443
ΓC 31.0546 6.8554 0 19.7202 18.4182 22.8597 15.8595 34.905
ΓD 21.2939 18.7728 19.7202 0 13.8209 10.8573 15.1305 18.941
ΓE 17.4724 20.4888 18.4182 13.8209 0 11.3669 4.6955 20.963
ΓF 21.8717 22.5843 22.8597 10.8573 11.3669 0 12.3881 19.008
ΓG 21.5440 18.2089 15.8595 15.1305 4.6955 12.3881 0 25.058
ΓMax 12.688 35.443 34.905 18.941 20.963 19.008 25.058 0

Source: own work.
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The sags type C and B presented the mayor distan-
ce therefore their effects are the less severe.

Severity groups

The severity of the effects is compared among sag 
typologies based on effects on current peaksand 
torque peaks. An induction motor is subjected to 
all variation of sags designed, results are classified 
in Table 4 where severity is categorized in three le-
vels: high, medium and low.

Table 4. Severity of voltage sags for current peaks (IP), 
torque peaks (ΓP) for real voltage sags.

Variable
Severity IP ΓP

High E A

Medium
C, F

D, E, F, G
A, B, D

Low G B, C

Source: own work.

When motor is analyzed with real sags, the 
most severe effects in current peaks are obtained 
with sags type E, the less severity is obtained with 
sags type G.

In other studies it has previously studied the 
ideal voltage sags effects in an induction motor 
(Alejandro Diego Jurado, 2010; Andreia Leiria, Pe-
dro Nunes, & Barros, 2003; Aree, 2012; Bollen et 
al., 2003; Jaramillo-Matta, 2010, 2013; M.G. Ma-
cri, 2012; Pesquer, 2006), a quick analysis shows 
that it is possiblethat the effects on speed behavior 
of the induction motor are very similar, when the 
analysis is done with real and ideal sags.On the 
other hand, a big difference could be that the cu-
rrent and torque peaks happens at the beginning 
and in the end of ideal sags but these peaksha-
ppends in other time during a real sag. However 
this analysis is out of the scope of this paper, due to 
the comparisonof the effects of real and idealsags 

on the induction motors needs a deeper analysis 
with particular characteristics.

CONCLUSION

In this paper the effects of real sags on single cage 
induction motor were obtained, analyzed and clas-
sified. An algorithm was designed to observe chan-
ges presented in current peaks and torque peaks of 
induction motor based on type, duration and dep-
th of real sag.

The effects obtained by sags type E were the 
most severe on current variable, they are harmful 
to motor because thermal stress produced exceeds 
the operating conditions suggested by manufactu-
rer. The sags type G produced the less effects on 
current peaks.

The effects produced by sags type A on tor-
que are considered the most severe according to 
it generated surfaces which are close to maximum 
peaks surface, whereas the surfaces generated by 
sags type B and C presented the mayor distancesso 
their effects are the less severe. In almost all cases 
the peaks of current and torque are presented du-
ring sag perturbation, once it ends, the signal retur-
ns to normal values.
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