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Abstract—Voltage sag is one of the most common power quality 
disturbances in industry, which causes huge inrush currents in 
stator windings of induction motors, and adversely impacts the 
motor secure operation. This paper firstly introduces a 2D 
Time-Stepping multi-slice finite element method (2D T-S 
multi-slice FEM) which is used for calculating the magnetic field 
distribution in induction motors under different sag events. Then 
the paper deduces the transient analytical expression of stator 
inrush current based on the classical theory of AC motors and 
presents a separation method for the positive, negative and zero 
sequence values based on instantaneous currents. With this 
method, the paper studies the influences of voltage sag amplitude, 
phase-angle jump and initial phase angle on the stator positive- 
and negative-sequence peak currents of 5.5 kW and 55 kW 
induction motors. This paper further proposes a motor protection 
method under voltage sag condition with the stator 
negative-sequence peak currents as the protection threshold, so 
that the protection false trip can be avoided effectively. Finally, 
the calculation and analysis results are validated by the 
comparison of calculated and measured stator peak value of the 
5.5 kW induction motor. 

Index Terms—Induction motors, instantaneous negative 
sequence current, time-stepping finite element method, voltage 
sag.  

I. INTRODUCTION

NDUCTION motors are the most widely used loads in 
industry [1]-[3]. Power quality issues, such as voltage sag, 

harmonics, unbalance, overvoltage and so on, may adversely 
affect the operation of induction motors. Among the above 
power quality issues, voltage sag has significant impacts on the 
normal operation of motors. In a sag event, the huge inrush 
currents in stator winding of motors cause torque ripple, noise 
and temperature rising and so on. In addition, such huge inrush 
currents can produce a large voltage drop in transmission line 
and distribution transformers. Therefore, it is of great importa- 
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nce to study the influences of voltage sag on the motor operation 
and the characteristics of inrush currents in stator windings, for 
the secure operation of the motor and power grid.

Voltage sag is defined as a short-duration reduction in rms 
voltage at a point of the power system which can be caused by a 
short circuit, overload or starting of electric motors [4]-[5]. In a 
voltage sag event, the rms voltage drops to 10 to 90 percent of 
the nominal and lasts for half cycle to one minute [6]-[7]. The 
characteristics of voltage sag include amplitude, duration, 
phase-angle jump and initial phase angle [8]-[9]. According to 
statistics, most voltage sags have a duration of four to ten cycles, 
and phase-angle jump of -60° to 10° [10]-[12]. Previous 
literature mainly uses experimental and analytical methods to 
study the influences of voltage sags on operating performances 
of motors [13]-[16]. For example, an analytical approach is 
presented to analyze the interaction between induction motors 
and voltage sags, which can quickly assess the influence of 
induction motors on sag characteristics and avoids 
time-consuming transient simulations [13]; the assessment of 
the influence of induction motors on voltage sag characteristics 
at low voltage buses is studied by an analytical approach, 
without having to perform transient simulations [14]; 
experimental study and some calculations on a standard 
three-phase squirrel-cage motor of 5.5 kW induction motor 
behavior were carried out, and found that the motor 
re-acceleration duration and amplitudes is determined by the 
interaction between motor load, system hot-load pickup, and 
voltage sag amplitude, besides, in deep sags, stator currents at 
the beginning of the sag and voltage recovery time can reach 
levels higher than the direct start values [15]; and in [16], the 
author presented three charts for motor starting planning 
according to the amount of voltage drop caused by motor 
starting, the compliance to the ITIC curve, and the compliance 
to the IEC flicker meter limits, and these charts can help utility 
planers to conduct quick and first-cut assessment of a motor 
starting situation. However, the influences of different 
characteristics on magnetic flux density distribution, current 
distribution and peak current are not systematically analyzed. 
In addition, in some cases, the protection devices of motors 
may misoperate because of voltage sag’s recovery point. 

This paper uses simulation method to study the transient 
characteristics of the motor during sag event. It is well known 
that three-phase short-circuit is the most severe fault in power 
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grid, therefore, the symmetric voltage sag caused by 
three-phase short-circuit is also considered the most severe sag 
event [17]-[18]. And there are three types of simulation 
methods for voltage sag analysis, i.e. waveform-level 
simulation, dynamic simulation and fault calculation, and the 
main advantage of waveform-level simulation is that it can 
provide complete information on the characteristics of the 
disturbance [19]. Therefore, this paper uses a waveform-level 
simulation, e. g. FEM [20]-[23], as the main methods, and 
focuses on the symmetric voltage sags.  

In this paper, the magnetic field distribution and the transient 
characteristics of stator inrush current of the motor under sag 
event is analyzed, by using 2D T-S multi-slice FEM. And then 
a new sequence current separation method is used to study the 
influence of sag characteristics on the stator positive- and 
negative-sequence peak currents of 5.5 kW and 55 kW 
induction motors and a new motor protection threshold is 
proposed based on above analysis. Finally, the calculation and 
analysis result are verified by the comparison of calculated and 
measured stator peak value of a 5.5kW induction motor. 

II. MOTOR TRANSIENT PERFORMANCE CALCULATION 
METHOD BASED ON 2D T-S MULTI-SLICE FEM 

2D T-S multi-slice FEM is suitable for the analysis of 
transient performances of motors in the case of stator terminal 
voltage changes. For a motor with skewed rotor, the axial 
magnetic field is non-uniform. The transient performance can 
be calculated by using 2D T-S multi-slice FEM, which 
considers some factors such as skin effect of rotor bars and the 
magnetic circuit saturation. The transient boundary value 
problem of the motor can be expressed as follows [23]-[24]. 
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where V is solved region, T is stator and rotor outer circle 
boundary, A is nodal magnetic vector potential, Js is current 
density, and μ is permeability. 

Motor mechanical motion equation can be expressed as 

m e m
dJ T T
dt

d
dt
θ

Ω = −

 Ω =
                                 (2) 

where Jm is rotational inertia, Ω is rotor mechanical angular 
velocity, dΩ/dt is angular acceleration, Te is electromagnetic 
torque, Tm is load torque, and θ is angle of rotor position. 

The equation (1) is discretized and combined with the circuit 
and motion equations, by which field-circuit-motion coupling 
equation is obtained as [23]-[24] 
where k is the number of the slices for skew modelling, A(k) is 
the nodal magnetic potential vector, DA(k, θ), Ds(k, θ), and Ds(k, θ) 
are the matrices that correspond to the derivative terms of nodal 
vector magnetic potential in the field equation, stator and rotor 
circuit, respectively; KA (k, θ) is the stiffness matrix of field 
equations, Is is the vector of stator currents, Ir is the vector of 

rotor current, and Us is the matrix of supply voltage. 
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III. TRANSIENT CHARACTERISTICS OF THE MOTOR WITH 
SYMMETRICAL VOLTAGE SAG CONDITION 

A. The transient characteristic of magnetic fields 
Inrush current and electromagnetic torque fluctuations may 

occur during the voltage sag process. The waveforms of 
terminal voltage and stator current of a 5.5 kW induction motor 
under the conditions of 85% rated load and 30% voltage sag are 
shown in Fig. 1. It can be seen that the peak value of inrush 
current IP can reach 4 times the rated current at the initial 
moment of voltage sag, while the peak value of inrush current 
IPP may reach 6 times the rated current at the voltage recovery 
moment. Such large inrush current can cause severe saturation 
in the local position of iron core, especially the tooth top of 
stator and rotor. Fig. 2 (a) shows the magnetic flux under 
normal operation, and Fig. 2 (b) shows the instantaneous field 
at the moment of half cycle since the voltage sag initial moment. 
It can be seen that the flux mainly exists in the leakage 
magnetic path during sag process, and the most saturated area is 
the tooth top, while it is very sparse in yoke, especially stator 
yoke, which is non-saturation region. 
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(a) The measured terminal voltage waveform 
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(b) The measured stator current waveform 

Fig. 1.  Terminal voltage and stator current of the 5.5 kW induction motor with 
85% rated load at 30% voltage sag. 
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Fig. 2.  The magnetic flux of 5.5 kW induction motor with 85% rated load. (Left: 
The magnetic flux of normal operation; Right: The magnetic flux at half cycle 
since the 30% voltage sag) 

B. The distribution characteristics of magnetic flux density 
and rotor bar current density 

Due to magnetic field distortion and skin effect, the 
distribution of magnetic flux density in the motor core and 
current densities in the rotor bar is extremely inhomogeneous 
during the sag process. The magnetic flux density distribution 
and rotor bar current density distribution of a 5.5 kW induction 
motor with 85% rated load under sag and normal operation are 
shown in Fig. 3. We can conclude that: 

1) The magnetic flux density distribution at half cycle since 
the 30% voltage sag and normal operation of the 5.5 kW 
induction motor with 85% rated load is shown in Fig. 3 (a) and 
Fig. 3 (b). Conclusions are listed below: 

 At half cycle since the voltage sag, the flux densities on 
the stator and rotor tooth top regions are obvious higher than 
that on the yoke regions. For example, as shown in Fig. 3 (a), 
the flux density in some points of the rotor tooth top areas is 
higher than 2.7 T, however in most of yoke regions in the 
flux density is less than 0.5 T. 
 Unlike normal operation, the distribution of magnetic flux 
density in the motor core at half cycle since the voltage sag is 
extremely inhomogeneous. 
2) The rotor bar current density distributions at half cycle 

since the 30% voltage sag and normal operation of the 5.5 kW 
induction motor with 85% rated load are shown in Fig. 3 (c) and 
Fig. 3 (d). Summarizes are shown below: 

 Due to skin effect, the current density in the rotor bar top 
areas far outweigh than the rotor bar middle and bottom areas. 
For example, as shown in Fig. 3 (c), the current density of the 
rotor bar top areas is higher than 3.5 × 107 A/m3, but the 

current density in most areas of the rotor bar middle and 
bottom regions is lesser than 0.8 × 107 A/m3.  
 The current density on the rotor bar top regions during the 
voltage sag is obviously higher than that on at the normal 
operation. For example, as shown in Fig. 3 (c) and Fig. 3 (d), 
the current density in some points of the rotor bar top areas 
reaches 4.1 × 107 A/m3, at half cycle since the voltage sag, 
however, at the normal operation, that current density is less 
than 1 × 107 A/m3. 
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(c) The rotor bar current density distribution (At half cycle since the 30% 

voltage sag) 
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(d) The rotor bar current density distribution (Normal operation) 

Fig. 3.  The rotor bar current density distribution of 5.5 kW induction motor 
with 85% rated load. 

IV. SOLUTION OF TRANSIENT SEQUENCE COMPONENTS 
DURING VOLTAGE SAG 

A. The solution of transient positive, negative and zero 
sequence current components 

Since it is difficult to use the analytical method to accurately 
consider the complex nonlinear factors, such as core saturation 
and harmonic fields, this paper uses 2D T-S multi-slice FEM 
method mentioned in Section I to calculate the stator current 
during the voltage sag. And then, the calculated or measured 
stator current is used to obtain transient positive, negative and 
zero sequence current component. The solution refers to the 
transient symmetrical component method in [25]-[26] and the 
detailed solving process is as follows. 

Firstly, the calculated or measured stator current can be 
divided into positive, negative and zero sequence components, 
which can be described as follows. 

1 2 0I I I I= + +                              (4) 

where [ ], , D
a b cI i i i= ; 

1 1 1 1, ,
D

a b cI i i i =   ; 
2 2 2 2, ,

D

a b cI i i i =   ; 
0 0 0 0, ,

D

a b cI i i i =   ; subscripts a, b and c represent the 
three-phase components; superscripts 1, 2 and 0 are positive, 
negative and zero sequence; i is the transient current value; I is 
the matrix comprised of the transient current values; D is the 
transpose symbol. And the stator positive, negative and zero 
sequence currents should satisfy (5) and (6). 
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As to the above solution, some explanations are given as 

follows. 
1) The method of solving negative sequence component by 

transient current at different moment is different from the 
traditional method which divides the current phasor into 
positive, negative and zero sequence space vector 
components [26]. 

2) The positive, negative and zero sequence currents in this 
paper represent the transient time sequence currents, which 
only borrow the traditional concepts. 

B. Solution examples of positive, negative and zero sequence 
transient currents  

With the measured current waveform in Fig. 1 (b), we can 
obtain positive, negative and zero sequence currents based on 
the solution mentioned above, as shown in Fig. 4. It can be seen 
that, at the initial moment of voltage sag, the peak value of 
positive and negative sequence currents are 45A and 29.6A, 
respectively. And at the voltage recovery moment, they are 
64.6A and 32.1A, respectively. Obviously, the peak values of 
negative sequence current at the initial moment of voltage sag 
and voltage recovery moment are closed to each other. 
Furthermore, the zero-sequence current can be neglected due to 
its small value. 
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(c) Zero sequence current 

Fig. 4.  Stator positive, negative and zero current components of the 5.5 kW 
induction motor with 85% rated load at 30% voltage sag. 

V. THE CHARACTERISTICS OF TRANSIENT POSITIVE AND 
NEGATIVE SEQUENCE CURRENT AND ITS APPLICATIONS IN 

MOTOR PROTECTION 

A. Influence of sag amplitude on the peak values of transient 
positive and negative sequence current 

Since most of voltage sag durations are 4 to 10 cycles, the 
motor speed can be assumed as constant during this period due 
to the big inertial. With the 5.5 kW and 55 kW induction motors 
at no-load or 85% rated load, this paper mainly studies the 
influence of sag amplitude, sag phase-angle jump and sag 
initial phase angle on peak value of the stator transient currents 
under symmetrical sag conditions. 

To study the influence of sag amplitude on the peak currents 
of transient positive and negative sequence currents, it can be 
assumed to set phase-angle jump and initial angle of phase A 
voltage of the sag to 0° and the sag duration to 100ms. The only 
variable is the sag amplitude. The peak values of the positive 
and negative sequence currents with sag amplitudes from 10% 
to 90% are shown in Fig.5 and Fig.6. It is shown that 
1) Positive sequence and negative sequence peak currents, 

especially negative sequence, increase almost linearly with 
sag amplitude increasing.  

2) The positive sequence and negative sequence peak currents 
with and without load have little difference. And the peak 
values of negative sequence peak currents vary within 10% 
at load and no-load conditions. 

B. Influence of sag angle jump on the peak currents of 
transient negative sequence  

To study the influence of sag phase-angle jump on the peak 
currents of transient positive and negative sequence, it can be 
assumed to keep the voltage amplitude constant and set the sag 
initial phase angle of phase A voltage to 0° and the sag duration 
to 100ms, only the sag phase-angle jump can be changed. To 
make conditions close to the real sag situation of the grid, this 
paper focuses on the sag phase-angle jump of -60° to 10°. The 
variation of peak values of stator positive and negative 
sequence currents with the sag phase-angle jump is shown in 
Fig.7 and Fig.8. It can be seen that 
1) The voltage sag phase-angle jump results in a large stator 

positive and negative sequence inrush current, even larger 
than the inrush currents caused by sag amplitude. With the 
5.5 kW motor, IP1, IPP1, IP2 and IPP2 are 62.5A, 74.5A, 

40.4A and 39.8A, respectively, when sag amplitude is 10%, 
as shown in Fig.5 (a); and IP1, IPP1, IP2 and IPP2 are 75.5A, 
87.4A, 49.6A and 50.4A, respectively, when voltage sag 
phase-angle jump is -60°, as shown in Fig.7 (a). 

2) The positive and negative sequence peak currents increase 
linearly with sag phase-angle jump, and the peak values of 
negative sequence peak currents vary within 10% at load 
and no-load conditions, as shown in Fig.7 and Fig.8. 

 

90% 70% 50% 30% 10%
0

20

40

60

80

Sag amplitude 

Cu
rr

en
t (

A
)

IP1

IPP1

IP2

IPP2

 
(a) No-load 

 

90% 70% 50% 30% 10%
0

20

40

60

80

Sag amplitude 

Cu
rr

en
t (

A
)

IP1

IPP1

IP2

IPP2

 
(b) 85% load 

Fig. 5.  The variation of the positive and negative sequence peak currents of the 
5.5 kW motor with sag amplitude 
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Fig. 6.  The variation of the positive and negative sequence peak currents of the 
55 kW motor with sag amplitude 
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Fig. 7.  The variation of the positive and negative sequence peak currents of a 
5.5 kW motor with the sag phase-angle jump 
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(b) 85% load 

Fig. 8.  The variation of the positive and negative sequence peak currents of a 
55 kW motor with the sag phase-angle jump  

C. Influence of the sag initial angle on peak currents of 
transient negative sequence  

To study the influence of sag initial phase angle on the peak 
currents of transient positive and negative sequence, it can be 
assumed to set the sag phase-angle jump to 0°, the sag duration 
to 100ms and the sag amplitude to 30%. The initial phase angle 
of phase A is the only variable. The variation of stator positive 

and negative sequence peak currents with sag initial phase 
angle is shown in Fig.9 and Fig.10. 

It can be seen that the sag initial phase angle results in little 
change in the positive and negative sequence peak currents, for 
the 5.5kW and 55kW motor, and the fluctuations of the positive 
and negative sequence peak currents with the sag initial phase 
angle are within 10%, and the peak values of negative sequence 
peak currents also vary within 10% at load and no-load 
conditions. 
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Fig. 9.  The variation of positive and negative sequence peak currents of the 5.5 
kW motor with the sag initial phase angle 
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(b) 85% load 

Fig. 10.  The positive sequence and negative sequence peak currents of a 55 kW 
motor vary with the sag initial phase angle 

D. The new motor protection threshold base on transient 
negative sequence currents  

In summary, transient positive sequence and negative 
sequence peak currents have follow characteristics. 
1) The peak values of transient negative sequence currents 

vary within 10% at the initial and recovery moments of the 
voltage sag. 
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2) The peak values of transient negative sequence currents 
increase linearly with the increase of the voltage sag 
amplitude and sag phase-angle jump. 

3) The variation of the positive and negative sequence peak 
currents caused by the sag initial phase angle is within 10%; 
and the variation caused by the motor load is also within 
10%. 

Based on the above characteristics, to avoid the protection 
false trip by the larger peak currents in voltage recovery 
moment, the new protection threshold Iset can be expressed as 
(12), where the value of Iset at the initial moment of voltage sag 
is larger than the value of Iset at the voltage recovery moment. 

set m2 m10.15~0.2I I I= −（ ）                  (12) 
where Im1, Im2 are the peak values of positive and negative 
sequence currents during voltage sag, Iset is threshold value, 
which can ensure that Iset of peak current at initial point is larger 
than that of peak current at recovery point. And because the 
peak values of transient negative sequence currents increase 
linearly with the increase of the voltage sag amplitude and sag 
phase-angle jump, therefore, the new motor protection method 
almost can avoid non-linear calculation effort. 

VI. EXPERIMENTAL VERIFICATION 

A. Test rig 
To verify the correctness of analysis above, experimental 

validation is performed on the 5.5kW motor, as shown in Fig. 
11. Chroma 18600 programmable power source with 60kVA 
rated power is used to generate voltage sag waveform. Power 
analyzer is used to measure the operating performance under 
steady-state condition. A torque transducer is used to measure 
the transient torque and speed, and steady-state torque and 
speed can be read directly from the torque meter. Meanwhile, 
the transient waveforms, such as stator current, terminal 
voltage, torque and speed in voltage sag process, can be 
recorded by the oscilloscope. In a short period of time, such as 
voltage sag conditions, the maximum capability of negative 
sequence currents of the 5.5 kW motor and 55 kW motor are 4.3 
and 3.2 times of the rated current, respectively. When the 
negative sequence currents exceed this value, the performance 
of the motor and its dives system will be degraded, the life span 
of the motor will be reduced. However, under experimental 
conditions, the negative sequence currents exceed this value at 
the expense of the life span of the motor. 
 

Power analyzer

Torque meter

Oscilloscope

Torque transducer Load motorTested motor

 
Fig. 11.  Test rig. 

B. Comparison of the 3D FEM method and 2D T-S multi-slice 
FEM use in the paper 

The comparison of the 3D FEM method (3DM) and 2D T-S 
multi-slice FEM use in the paper (2DM) is performed by using 
the 5.5 kW motor under 50% sag magnitude and no-load 
condition. The 2DM have six layers and each layer has 32406 
elements. The 3DM have 96064 elements. Fig. 12 shows the 
measured current waveform, the current waveform calculated 
by the 3D M and calculated by the 2DM. We can see that, the 
calculated current waveform by the 2DM and the 3DM are 
agree well with the measured waveform. For example, the 
relative error of the peak current calculated by the 3DM and the 
2DM are 2.3% and 2.1%, respectively. From Table Ⅰ, compared 
with the 3DM, we can see that the computation time of the 
2DM is reduced 93.3%. The 3DM and the 2DM are simulated 
by a computer with 2 Xeon E5-2690 v3 CPU and 256 GB 
RAM. 
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(a) The current waveform calculated by the 3D FEM method 

 
(b) The current waveform calculated by the proposed method 

 

0 0.1 0.2 0.3 0.4
-50

-25

0

25

50

Cu
rr

en
t (

A
)

t (s)  
(c) The test current waveform 

Fig. 12.  Comparison between the measured and calculated stator currents of 
the 5.5kW induction motor with no-load condition and 50% sag magnitude. 
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TABLE I 
SIMULATION TIME OF THE 3DM AND 2DM 

 3DM 2DM 
5.5 kW motor 7.8 hours 31.4 minutes 

C. Experimental validation 
With the 5.5 kW motor under 85% load condition, the 

measurement and calculation comparisons are given in Fig.13 - 
Fig.14, the conclusions are as follows. 
1) The variation of the measured and calculated peak currents, 

with voltage sag amplitude and sag phase-angle jump of 
the, are shown in Fig.13. We can see that the measured and 
calculated peak values show good agreement. 

2) The variation of the measured and calculated peak values 
of the positive and negative sequence current, with voltage 
sag amplitude, are showed in Fig.14. Where, IMP1, IMPP1, 
IMP2 and IMPP2 represent the measured value of peak current 
of positive and negative sequence at the initial and 
recovery moment of the voltage sag, respectively. ICP1, 
ICPP1, ICP2 and ICPP2 represent the calculated value, 
respectively, which also show good agreement. 
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(b) Variation with the sag phase-angle jump 

Fig. 13.  The measured and calculated peak currents of the 5.5kW induction 
motor with 85% rated load in sag events. 
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Fig. 14.  The measured and calculated transient peak currents of the 5.5kW 
induction motor with 85% rated load in sag events 

D. Experimental results for new protection set point 
The traditional protection device usually uses the positive 

sequence current as the basis of current protection. However, 
during the process of voltage sag, positive current at recovery 
point is higher than that at initial point, which may cause the 
malfunction of protection devices. In this section, we take 
55kW motor with 85% load during different sag magnitudes as 
an example. The current set of protection device is set as 50A. 
From Fig.15, it can be seen that based on traditional current 
protection theory, from sag magnitude 25%~45%, the current 
protection device will active at the recovery point, which will 
cause the misoperation. However, this problem can be avoid by 
using the proposed method. As shown in Fig.16, the Iset at the 
initial point always larger than that at the recovery moment, 
which the misoperation caused by the traditional method can be 
avoid by using the proposed method. 
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Fig. 15.  Traditional current protection method 
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Fig. 16.  New current protection method 

VII. CONCLUSION  
1) The paper studies the characteristics of magnetic field and 

stator inrush current under different voltage sag condition 
by using 2D T-S multi-slice FEM, and then presents a 
separation method for the positive, negative and zero 
sequence values based on instantaneous currents. 

2) The influence of sag amplitude, phase-angle jump, initial 
phase angle on transient negative sequence peak current of 
induction motor are analyzed, and a new motor protection 
threshold is also presented. 

The experimental validation is performed on a 5.5kW 
induction motor, and the correctness of the calculated peak 
values of the positive and negative sequence current is verified. 
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