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Voltage sag is a frequently encountered phenomenon in a power system to
which many three phase induction motors are directly connected. This paper
presents a simple analytical method for calculation of net electro-magnetic
torque and stator currents of an induction motor subjected to symmetrical as
well as unsymmetrical sags in supply voltage. This work presents an
innovative path to compute net electro-magnetic torque and increase in stator
currents for all seven types of sags using the well-known symmetrical
component theory. Such a simple method and expressions used in this paper
are not reported in the literature reviewed so far. The computation is further
extended for different load conditions while varying the symmetrical sag
magnitude. The simplicity of analytical assessment of loading effect on
electro-magnetic torque from no-load to full-load condition for all sag types
is presented. The outcome of the study was verified by imitating the
environments for various types of sag in MATLAB/Simulink. The
observations are that the average output torque of a motor decreases and
ripple in power increases during unsymmetrical sags.
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1. INTRODUCTION

Performance of electric machines and power systems is adversely affected by poor power quality.
Voltage sag is a dominant factor for poor performance of the industrial equipments [1]. VVoltage sag is a short
duration reduction in the root mean square (RMS) voltage between 0.1 to 0.9 p.u. at the power frequency
which lasts from 0.5 cycles to one minute [2]. It is distinguished by remaining voltage, period, phase angle
shift, and the type of faults. A three-phase short circuit results in symmetrical sags, whereas single-line-to
ground, phase-to-phase or two-phase to ground faults results in unsymmetrical sags [2]-[8]. Since voltage
sag recovers at the fault current zeros, it amounts to a discrete voltage recovery, Rolan et al. [8] divided
discrete sags into fourteen types. However, Bollen put forward mainly seven types of voltage sags as
experienced at the terminals of equipment [2]. In the present study seven types of sags are considered as per
Bollen classification. The detrimental effect of voltage sags on several sensitive equipments in the power
system is a point of concern for the researchers. Breakdown of electric motors owing to the voltage sags is a
serious problem in the industry. This is also associated with significant monetary loss [9]-[11]. Many studies
have explored the effects of voltage sag on the functioning of an induction motor [12]-[18]. Most of the
studies mentioned in above references used simulation approach for demonstrating at the most one or two of
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the above-mentioned ill effects on induction motors. Very few studies, however, make use of basic analytical
methods to study one or two of the above-mentioned ill effects on induction motors exclusively [13], [19],
[20]. Corcoles and Pedra [13] proposed an algorithm for the computation of the transient-specifically, current
and torque peak and speed loss resulted by a voltage sag in the induction motor supply system. Aung and
Milanovic [19], presented the numerical approach to find the dynamic changes of voltage sags on an
induction motor. Unsymmetrical (type B only) types of sags were used in the study. Wang et al. [20],
proposed an analytical method for computation of the critical voltage sag clearance period of induction
motors. Sethupathi and Senthilnathan [21] presented speed-time characteristics under full load condition.

A unique feature of the present study was the use of a symmetrical component theory to compute
net electro-magnetic torque and the increase in stator currents for all seven types of sags which was not
reported earlier. The analytical assessment of loading effect on electro-magnetic torque from no-load to
full-load condition for all sag types is presented. The computation was further extended for different load
conditions while varying the symmetrical sag magnitude. The system of analysis to get the net electro-
magnetic torque and the stator currents through symmetrical and unsymmetrical voltage sags is presented in
section 2. Using symmetrical component theory, four case studies are elaborated in section 3. Analytical
results in section 3 are qualitatively checked by MATLAB/Simulink in section 4 and the work is summarized
in section 5.

2. ANALYTICAL ASSESSMENT OF TORQUE AND STATOR CURRENTS
2.1. Sequence torque calculations

The supply voltage develops unbalance due to unsymmetrical sag. Positive and negative sequence
equivalent circuits were used to calculate sequence torque during sag. A three-phase unbalance voltage set
(Va, Vb, and V) can be determined into three phase balanced positive sequence (V1), negative sequence (V2),
and zero sequence (Vo) voltages via symmetrical component theory as presented in (1) to (3) [22].

1

Vy =3V + oV + a?V,) @)
v, = %(Va + a2V, + all) )
Vo =3 Wa+Vy+V,) @3)

where o = e’12°, Using sequence voltages, the voltage unbalance factor (VUF) during sag is determined
using (4).

%VUF = Z—j x 100 4)

Electro-magnetic torque and stator currents are calculated for positive and negative sequence voltages
independently. Positive sequence voltage produces an air-gap flux wave, which rotates at synchronous speed
in the forward direction. Subjecting a positive sequence equivalent circuit with positive sequence voltage
positive sequence stator current (lIp) and positive sequence torque (Tp) is obtained using (5) and (6) [23].

1

b = (Rs +55) + (X5 + Xp) ®)
T = 3 Vi2Ry/s ©6)
P o [(Re+50) 4 (s + Xp)

Negative sequence voltage produces an air-gap flux wave, which rotates at synchronous speed in the reverse
direction. When negative sequence voltage is applied to the negative sequence equivalent circuit, the stator
current (1) and torque (Tn) is obtained using (7) and (8) respectively [23].

V2
I,= — 22 7
"= ) e Y
3 Va?Ry/(2 = 5)
T, = — 2| 2 R/Co9) 8
n ws [(R5+%)+j (XS+Xr)] ®)
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The negative sequence current reduces the overall torque [22], [23]. The overall electro-magnetic torque is
hence computed using (9).

T, =T, +T, 9)

Drop in torque operates induction motor at a point determined by the intersection of motor torque-
speed curve during sag and load torque characteristics as shown in Figure 1. Basis the change at the operating
point, the motor speed reduces from its nominal speed (om) to that at the end of sags (o’m). In Figure 1, the
Twm-con curve is of the constant load characteristics; the Te-pre is the motor’s electromagnetic torque curve
developed before sag and Te-sag CUrve is the reduction in electromagnetic torque due to voltage sag.
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Figure 1. Torque-speed curves for normal and sag voltages

A large unbalance in motor current is encountered due to a small negative sequence impedance
relative to positive sequence impedance. Current unbalance factor (CUF) is the ratio of negative sequence
current () to positive sequence current (1) as given in (10).

%CUF = 2 x 100 (10)

Ip

The three phase stator currents during unsymmetrical sags can be found using (11) to (13).

I=1+1, (11)
I, = ol, + *I, (12)
I. = a?l, + al, (13)

where I, I,, 1. are the stator currents in phases a, b, and ¢ respectively.

3. CASE STUDIES

A 3-HP, 415 V, 50 Hz, 4-pole, squirrel cage delta connected motor having electrical parameters as
shown in Table 1 [23] is considered. Three phase voltages for seven types of sags are considered as in
Table 2 [2]. Following cases (case 1 to case 4) are studied to calculate net electro-magnetic torque and the
stator currents during various voltage sags.

Table 1. Electrical parameters of 3-ph induction motor
TL(NmM) R(Q) R(Q) X (Q X (Q Xm(Q) JI(Kg/md) Pole
119 0435 0816 0754 0754  26.13 0.089 4
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Table 2. Characteristics of voltage sags
Sags  Phase A Volts (p.u.)  Phase B Volts (p.u.)  Phase C Volts (p.u.)

A 0.62£0° 0.6 £ —120° 0.62 —120°

B 0.62£0° 12 —120° 12 —-120°

Cc 120° 0.72¢2 —133.9° 0.722 —133.9°

D 0.6£0° 0.922 —109.1° 0.922 —109.1°

E 120° 0.922 —120° 0.922 —120°

F V£0° 0.8082 —111.79° 0.8082 — 111.79°
G 0.86£0° 0.6£ —129.83° 0.6 £ —129.83°

3.1. Case 1: study under balanced voltage condition
When balanced supply voltages as in (14) are applied to the induction motor, the net electro-
magnetic torque and the stator currents obtained are as given in (15) and (16) respectively.

V2=239.6£0°. V,=239.62 — 120°; v.=239.6£ — 120° (14)
T = 35.55 Nm (15)
I, = 5.9659 Amp; I, = 596592 — 120° Amp; I, = 5.96592120° Amp (16)

3.2. Case 2: study under unsymmetrical sag type D

Subjecting the induction motor with voltages as in (17) to the unsymmetrical sag type D, positive
sequence V1, negative sequence V, and zero sequence Vo voltages are calculated using (1) to (3) and values
are mentioned as per (18).

Va = 143.76£0° V), = 220.432109.1° V; = 220.43£109.1° volts (17)

V, = 192.22 volts, V, = 48.296 volts, V, = 0.166 volts (18)

Using (4), voltage unbalance factor is computed as, VUF=25.12%. With slip s=0.03, positive sequence
current and negative sequence currents are calculated using (5) and (7) respectively. The values are given in
Table 3. Using (10), current unbalanced factor is calculated as, CUF=466.39%. Using (11 to 13), the three
phase stator currents of an induction motor are calculated. The values are given in in Table 3.

Positive sequence torque is calculated using (6) as, T, = 25.0586 Nm. Negative sequence
torque is computed employing (8) as, T,, = —6.159 Nm. The net torque is computed employing (9) as,
T = 18.899 Nm. Other sag types were subjected to this method and the output net torques and stator currents
are presented in Table 3.

Table 3. Analytical assessment of net torque and stator currents during sag

Type Vi Vs VUF Iy I, CUF la lp Ie T, T, T Nm
A 143.8 - - 5.19 - - 5.1940° 5.19¢« 5.192120° 25.1 - 25.06
B 2076 3194 154 750 1953 260.3 27.032£0° I71026OA 17.062142° 293 2,698  26.55
Cc 1915 4797 251 692 2933 4238 36.2520° 2_6154524 26.552133° 249 6.078 1879
D 1922 4829 251 6.95 2952 4250 36.46.0° 2_6173334 26.734133° 251 6159  18.80
E 1757 3195 182 635 1953 3076 25.8820° 1;;22 17.252138.5° 2094 2696  18.24
F 1757 3184 182 635 1946 3065 25.81£0° 1_71139845 17.194138.6° 2094 2677  18.25
G 163.6 36.20 222 591 2213 3742 28.04£0° _léséii 19.842£135° 182 3461 1471

—135°

3.3. Case 3: effect of load on electro-magnetic torque of the induction motor for seven sag types

The torque of an induction motor reduces when it is subjected to voltage sags. Here using
symmetrical component theory, the net electro-magnetic torque of an induction motor for different load
condition was computed. Load was increased in a step of 10% of full load. Figure 2 shows variation of net
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electro-magnetic torque for various loading conditions for all sag types. From this study following results
were observed: During light load condition for unsymmetrical sag types (C, D, E, F, and G), negative
sequence torque is more than positive sequence torque and hence net electro-magnetic torque of the motor is
negative whereas in sag B, negative sequence component is less, therefore net electro-magnetic torque is
more as compared to other types of sags from no load to full load conditions.

3.4. Case 4: effect of sag magnitude on net electro-magnetic torque of symmetrical sag (sag A) for no
load to full load condition

Electro-magnetic torque was computed for different load conditions while simultaneously varying
the symmetrical sag magnitudes. Calculations were carried out for variation of sag magnitude by increasing
the sag in a step of 20 per cent of supply voltage. Simultaneously load was increased in a step of 10% of full
load. Figure 3 shows variation of net electro-magnetic torque Vs percent of full load slip for different
magnitudes of symmetrical sag from no load to full load conditions. The net electro-magnetic torque reduces
steeply as sag magnitude increases owing to the fact that the reduction in torque is proportional to the square
of sag voltage. In case of severe sags, the maximum torque produced can be lower than the load torque as
shown in Figure 1. There, the motor speed drops continuously for sag duration triggering the sensitive
protection device to turn off the load. In order to prevent stalling of the motor, it is essential to clear the sag
before the motor falls to the minimum critical speed. This method of computation is helpful in tuning the
motor contactors to protect load assembly. This may help in reducing unwanted stalling of motors. The
computation of the net torque as shown in Figures 2 and 3 enables to visualize the dynamic behavior of an
induction motor during voltage sag.
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Figure 2. Net torque vs. percent of full load slip for Figure 3. Net torque Vs percent of full load slip for
different sags sag

4.  SIMULATION RESULTS

To verify the responses of different types of sags employing simulation, a 3-phase, 3-HP squirrel
cage motor used in analytical assessment was modeled in MATLAB/Simulink [23], [24]. It is critical to
identify the characteristics of voltage sags viz. their magnitude, duration, and phase angle variations for
studying its effects [25]. A sag generator is assembled in MATLAB/Simulink using embedded MATLAB
function. With the help of MATLAB code, seven types of sags were created according to Bollen
classification with parameters shown in Table 2. Further, this voltage sag generator can be used for the
designing the immunity and sensitivity characteristics. These characteristics help to identify the effect of sags
on the motor qualitatively and quantitatively. Figure 4 shows the system, modelled in MATLAB/Simulink
for simulation.

When the motor encounters these sag types (Sag-A, Sag-B, Sag-C, Sag-D, Sag-E, Sag-F, and
Sag-G), the simulated results of terminal voltage, stator currents, the net electro-magnetic torque, and speed
of an induction motor are as shown in Figures 5(a) and (b), Figure 6(a) and (b), and Figure 7(a) to (c). During
sags, reduction in electro-magnetic torque and the speed and increase in the stator currents were found for all
sag types. Though the unbalance in voltage is small, large unbalance in motor current is observed during
unsymmetrical sags owing to the fact that negative sequence impedance of a motor is small as compared to
positive sequence impedance [16]. The average output torque of the motor decreases and ripple increases
significantly as a consequence of the unbalanced voltages during unsymmetrical sags. In addition, the torque
and speed pulsations have a frequency twice that of the power supply as observed in simulation results.
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Figure 4. System in MATLAB/Simulink for simulation
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Figure 7. Characteristics of (a) Sag-E, (b) Sag-F, and (c) Sag-G

5. CONCLUSION

In this work, a unique method is proposed to compute net electro-magnetic torque and the stator
currents of an induction motor during all seven types of sags. The ease of computation is explained in
section 2. One of the characteristics of this technique is that, it can also measure electro-magnetic torque for
different load conditions while simultaneously varying the symmetrical sag magnitudes. From this study
(case3d), it is observed that different unsymmetrical sags having identical positive sequence voltage produce
identical effects on sags (sag C and D; and sag E and F). During light load condition for sag type C, D, E, F,
and G negative sequence torque is more than positive sequence torque and hence net torque of the motor is
negative whereas in sag B, negative sequence component is less, therefore net torque for sag B is more
compared to the other types of sags from no load to full load conditions. Since reduction in torque is
proportional to the square of sag voltage, the net electro-magnetic torque reduces steeply as sag magnitude
increases (case 4). In case of severe sags, the maximum torque produced can be lower than the load torque.
There, the motor speed drops continuously for sag duration. A voltage sag generator is developed in
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MATLAB/Simulink using embedded MATLAB function. With the help of MATLAB code, seven types of
sags were created according to Bollen classification. Reduction in torque and hence change in operating point
obtained for different sag magnitudes and loading conditions using simulation. But the calculations here are
more accurate and are faster. Going further, voltage sag generator and the simulated results of the present
study can be substantiated by implementing into the hardware part.
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