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ABSTRACT Voltage sag is one of the most common power quality disturbance in industry, which causes
huge inrush current and inrush torque of induction motors, and has serious impacts on the safe and stable
operation of induction motor. To further study the detailed transient characteristics of induction motors
during sag events, an improved 2-D multi-slice field-circuit-motion coupling time-stepping finite element
method (FEM) is proposed. Then, taking a 5.5 kW, a 55 kW and a 135 kW induction motors as examples,
the influence of phase-angle jumps and initial point-on-wave on the stator current peak, torque peak, speed
loss and critical clearing time of the induction motor are discussed by using the proposed model. The
simulation results show that stator current peak and torque peak increase obviously, while speed and critical
clearing time decrease apparently, when considering the phase angle jump. And different initial points have
little influence on these operation indicators. Finally, the proposed method is verified by comparing the
measured and calculation data of the 5.5 kW three-phase squirrel-cage motor, respectively. The results show
that the proposed method can reach higher precision with considering nonlinear characteristics.

INDEX TERMS INDEX TERMS voltage sag, induction motors, phase-angle factor, finite element method,
power quality.

I. INTRODUCTION
With the development of technologies and production
requirements, power users demand higher power qual-
ity [1]–[3]. Voltage sag is one of the main power-quality (PQ)
problems for typical industrial customers; and nearly 80%
PQ problems are caused by voltage sag [4]–[7]. As a widely
applied equipment in industrial production, induction motors
are influenced by voltage sags in two main aspects: i) inrush
current and inrush torque caused by voltage sags may intrigue
the action of current protective devices, which leads to the
interruption of the operation, and damage the rotor shaft;
ii) long ride through time for induction motors with heavy
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load may lead to stalling and burnout of motor. Therefore,
it is necessary to deeply study the effect of voltage sag on the
performance of induction motors in order to provide theories
for the motor’s steady and safe operation.

Voltage sag is defined as a short-duration reduction in RMS
(root mean square) voltage at a point of the power system
which can be caused by a short circuit, overload or starting
of electric motors [4], [8]. In a voltage sag event, the voltage
magnitude drops from 90% to 10% of the nominal value and
lasts from half cycle to one minute [9]–[12]. The charac-
teristics of voltage sag are magnitude, duration, phase-angle
jump and initial phase angle. According to statistics, most
voltage sags have a duration from four to ten cycles, and
phase-angle jump from −60◦ to 10◦ [13]–[16]. The main
researchmethods about themotor operation under voltage sag
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include analytical method, numerical algorithm, finite ele-
ment method (FEM) and experiment [17]–[20]. For example,
in [21] an analytical method is presented to determine the
maximum symmetrical voltage sag ride through time, namely
critical clearance time, for induction motors. An analytical
method is used for calculating the inrush stator current during
sag process in [22]. Analytical study of the dynamic behavior
of the doubly fed induction generator subject to the voltage
sag is discussed in [23]. However, in the analytical algo-
rithm, the strong hypothesis, i.e. constant rotor speed, cause
the observable error in the sag process analysis. Therefore,
numerical algorithm is used for precisely calculating with
considering rotor speed loss [24]–[31]. In [24], a numerical
algorithm is introduced for the approximate calculation of the
current and torque peaks, and the mechanical speed loss for
an extensive range of voltage sags and finds that the values of
peak current and torque increase linearly with the decrease of
voltage sag magnitude. In [25], the effects of different voltage
sags are studied on the behaviors of induction motors by
using a MATLAB/Simulink software. The consequences of
unsymmetrical voltage sags on the torque and current peaks,
and speed loss characteristics of three-phase squirrel-cage
induction motor is analyzed based on the numerical algo-
rithm in [26]–[28]. The behavior of different types of motors,
such as single- and double-cage induction models, under the
symmetrical voltage sag is also considered in [29]. As for
symmetrical voltage sag, [26], [29] find that the average
values of peak current and peak torque caused by symmetrical
voltage sags in different situations are more serious than
that caused by unsymmetrical voltage sags. In [30], [31],
the interaction between induction motors and voltage sags
are studied based on PSCAD/EMTDC package. However,
as for the numerical algorithm, the skin effect, nonlinear
behaviors of magnetic materials, and the end-ring effect can-
not be considered. Experimental study and some calculations
of a standard three-phase squirrel-cage motor of 5.5 kW
induction motor behavior is proposed, and the study found
that the motor re-acceleration duration and magnitudes are
determined by the interaction between motor load, system
hot-load pickup, and voltage sag magnitude in [32]. Although
the experiment test has precise results, in many situations,
it’s very difficult to carry out the experiment the induction
motor rated 20 kW and higher [33]. In addition, it is also hard
to measure magnetic flux density distribution and current
density distribution. Compared to the above methods, FEM
is an effective simulation method to analyze the operation
characteristics of induction motors [34], [35].

In previous studies, the main independent variables
(indices) of voltage sag analysis include sag type, magnitude,
duration and load condition and the main dependent vari-
ables (indices) of voltage sag analysis includes current peak,
torque peak, mechanical speed loss and critical clearance
time [24]–[29]. However, in most situations, the voltage sag
not only causes drop of voltage magnitude, but also results
in the phase angle jump. Therefore, considering only one
sag index, i.e. sag magnitude, will cause noticeable error.

The initial point-on-wave has different influences on sym-
metrical and unsymmetrical voltage sags. As for the effect of
phase-angle factors: phase-angle jump and initial point-on-
wave on induction motor, further studies are still needed.

In order to study the effect of phase-angle factors on the
performance of induction motor during the process of voltage
sag, a new 2-D multi-slice time-stepping FEM is applied to
model the motor’s performances. The main conclusions are
as follow:

1) A new 2-D multi-slice time-stepping FEM is proposed
for voltage sag process. Different from 2-D time stepping
FEM and 3-D FEM, 2-D multi-slice can consider the asym-
metric rotor structure of themotor with less computation cost.
However, the traditional 2-D multi-slice FEM cannot accu-
rately calculate the transient performance of the induction
motor. In this paper, the traditional 2-D multi-slice FEM are
extended to combine the field, current constraint, circuit and
mechanical motion equations.

2) The influence of the combination of two sag indices:
sag magnitude and phase angle jump on induction motor’s
current peak, torque peak, speed loss and critical clearance
time during the sag process is studied.

3) The different influence of initial phase angle during
symmetrical and unsymmetrical voltage sags process on
induction motor’s current peak, torque peak, speed loss and
critical clearance time is analysed and summarized.

The rest of this paper is organized as follows. In section II,
the cause of phase-angle jumps and the relationship
between sag magnitude and phase-angle jump are studied.
In section III, a new 2-D multi-slice time-stepping FEM for
voltage sag process is introduced. In section IV, the effect
of two sag indices: sag magnitude and phase-angle jump on
the motor performance during voltage sag process is ana-
lyzed. In section V, the difference of the initial phase angle’s
influence on the motor performance between symmetrical
voltage sag process and unsymmetrical voltage sag process
are studied. In section VI, the accuracy and computation
efficiency of the proposed method are verified by using a real
test of the standard 5.5 kW three-phase squirrel-cage motor.
The conclusion is drawn in Section VII

II. ANALYSIS OF VOLTAGE SAG CHARACTERISTICS
The typical voltage sag waveform is shown in Fig. 1. It can be
seen that a complete voltage sag process contains two jump
times. One is beginning time and the other is the moment
of returning to normal voltage after a sag duration. Voltage
phase of beginning time is called initial point-on-wave. The
voltage phase of the moment of returning to normal volt-
age is called recovery point-on-wave. In this paper initial
and recovery point of three phase are especially referred to
phase A. The main voltage sag characteristics mainly include
sag magnitude, sag duration, phase-angle jump and initial
point-on-wave. Sag magnitude is defined as the ratio of RMS
value of the voltage during sag process to rms value of the
rated voltage. Sag duration is defined as the time from the
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FIGURE 1. The definition of voltage sag.

occurrence to the end. In addition, most of voltage sags are
accompanied by the phase jumps [36].

The main reasons of phase-angle jump are: i) Difference
of impedance angle between the system and the distribution
line; ii) Unbalanced voltage sags distribute to the low voltage
system. Since symmetrical voltage sag is mainly considered,
this paper only takes account into the factor of mismatch of
the system and the line impedance.
Z1 = R1 + jX1 is system impedance and Z2 = R2 + jX2

is line impedance, as show in Fig. 2. Load current is ignored
and we assume that U̇S = 16 0◦. The voltage of PCC (point
of common coupling):

U̇sag =
Z2

Z1 + Z2
(1)

And phase-angle jump can be obtained by (2):

α = arg(U̇sag)−arg(U̇s) = tg−1(
Z2
R2

)−tg−1(
Z1 + Z2
R1 + R2

) (2)

Let ξ = R2/R1, k1 = X1/R1, k2 = X2/R2. The (3) can be
obtained by combining (1) and (2):

(
1+ k22

) (
1− U2

sag

)
ξ2 − U2

sag (2+ 2k1k2) ξ

−

(
1+ k21

)
U2
sag = 0

arg
(
U̇sag

)
= tg−1k2 − tg−1

(
k2 −

k2 − k1
1+ ζ

) (3)

From (3), it can be seen that voltage phase-angle jump is
determined by k1, k2 and Usag. Therefore, the phase-angle
jump is related to the sag magnitude and impedance between
line and system. In most voltage sags, the phase-angle jumps

FIGURE 2. The simple equivalent circuit of power system with voltage sag.

TABLE 1. Sag magnitude and corresponding phase-angle jump angle
(unit: degree).

are between -60◦ ∼10◦. In this paper, the distribution network
with cables are taken as an example, the relationship between
the sag magnitude and phase-angle jump is shown in Table 1.
In distribution network with cables, k1 = 10 and k2 = 0.5,
then (3) can be written as 1.25(1− U2

sag)ξ
2
− 12ξU2

sag − 101U2
sag = 0

arg
(
U̇sag

)
= tg−10.5− tg−1

(
0.5+

9.5
1+ ξ

)
(4)

The different phase-angle jumps which are caused by
different sag magnitudes are shown in Table 1. From
Table 1, different sag magnitudes are corresponding to dif-
ferent phase-angle jumps. In addition, initial point-on-wave
is another important factor. As it is generally believed that
the moment of failure is random, the angle of the voltage at
initial point-on-wave is uniformly distributed between 0◦ and
360◦.

III. MATHEMATICAL MODEL OF INDUCTION MOTOR
Time-stepping FEM is suitable for detailed analysing of the
transient performances of induction motors during the volt-
age sag process, which includes four parts: field equations,
current constraint equations, circuit equation and motion
equation.

A. FIELD EQUATIONS
The electromagnetic field equation of induction motors in
2-D Cartesian coordinates can be formulated as [37]:

∂

∂x
(
1
µ

∂A
∂x

)+
∂

∂y
(
1
µ

∂A
∂y

) = −Js + σ
(
∂A
∂t
+∇8

)
(5)

where A, µ, σ , Js and 8 are the nodal magnetic vector
potential, magnetic permeability, conductivity of rotor bar,
current density and the electric scalar potential, respectively.

B. CURRENT CONSTRAINT EQUATION
The rotor bar currents and the stator winding currents con-
straint equations of the cage inductionmotor can be expressed
as:

U8 = lmotor
∂8

∂z
= IrRr +

lmotor
Sr

∫
Sr

∂A
∂t
dS (6)

U8 = lmotor
∂8

∂z
= RsIs +

Nslmotor
Sc

∫
Sc

∂A
∂t
dS (7)

where Rr , Ir , lmotor , Sr is the resistance of rotor bar, the rotor
current, the axial length of the motor core, and the rotor bars’
section area, respectively. Rs is the resistance of stator in per
phase and Is is the current of the stator winding in per phase.
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C. CIRCUIT EQUATION
The circuit equation of each phase of the stator windings can
be expressed as

Us = (RLi + Rs) Is + (LLi + LTL)
dIs
dt
+
dψ
dt

(8)

where US is the terminal phase voltage, Rs is the per phase
winding resistance, RLi is the resistance of transmission line,
Is is the current of the stator winding per phase, LTL is
the leakage inductance of end turn, LLi is the inductance of
transmission line, and 9 is the flux linkage of the per phase
stator winding.

The total flux linkage is expressed as:

9 = KdNa
lmotor
3aSW

2p∑
i1=1

q∑
i2=1

NSnode∑
i3=1

m∑
i4=1

SWi3Ai3(i4) (9)

where SWi3 is the ith3 element area, SW is the stator winding
area, Kd = 1 means the positive current direction; and
Kd = −1 means negative current direction. Na is the number
of parallel branches, NSnode is the nodes number of each slot,
p is the pole-pairs number, q is the slots per pole per phase,
and m is the nodes number of element.

D. MOTION EQUATION
The mechanical motion equation of an induction motor is

Jm
dω
dt
= Te − Cf ω − Tl

ω =
dθ
dt

(10)

where Jm is rotational inertia, � is rotor mechanical angular
velocity, dω/dt is angular acceleration rate, Te is the electro-
magnetic torque, Tl is the load torque, θ is the angle of rotor
position, and Cf is the friction constant.

E. 2-D MULTI-SLICE FIELD-CIRCUIT-MOTION COUPLING
EQUATION
The field-circuit-motion coupling matrix equation can be
obtained by combining field equations, current constraint
equations, circuit equation and motion equation.

The current constraint matrix equation can be obtained
from (6) and (7).

0 = C∗
∂A
∂t
+ R∗I− U8 (11)

The stator circuit matrix equation can be obtained from (8)
and (9).

Us = Ds
∗
∂A
∂t
+ Rs

∗Is + Ls
∗
∂Is
∂t

(12)

Similarly, the current matrix equation in the rotor bars can
be formulated as

0 = Dr
∗
∂A
∂t
+ Rr

∗Ir + Lr
∗
∂Ir
∂t

(13)

Therefore, (12) and (13) can be rewritten as

U = D∗
∂A
∂t
+ R∗I+ L∗

∂I
∂t

(14)

In the mechanical motion equation, the electromagnetic
torque can be rewritten as the function of A as

Te = ATHA (15)

where H is the electromagnetic torque coefficient matrix in
magnetic vector potential form. From (11) -(15), the field-
circuit-motion coupling matrix can be derived as:

KA KU8 KI 0 0

0 −1 R 0 0

0 0 R 0 0

ATH 0 0 0 0

0 0 0 1 0





A

U8
I

ω

θ



+


DA 0 0 0 0
C 0 0 0 0
D 0 L 0 0
0 0 0 −Jm 0
0 0 0 0 −1

 ∂

∂t


A
U8
I
ω

θ

 =


0
0
U
Tl
0

 (16)

where DA, C, D are the nodal vector magnetic potential’s
derivative terms matrix in the field equation, that in the
current constraint equation and that in the stator and rotor
winding equation, respectively. KA, KU8, KI is the stiffness
matrix of field equation, that of the current constraint equa-
tion and that of the stator and rotor winding equation.

In order to consider axial asymmetries of the 5.5 kW
and 55 kW induction motor with the skewed rotor bar. The
induction motor can be divided into k layers along the axial
direction. In each layer, induction motor can be treated as the
straight rotor bar. Therefore, (17) can be used in each layer
to calculate the electromagnetic properties. The equation of
the 2-D multi-slice FCM coupling time stepping FEM can be
formulated (17), as shown at the bottom of the next page.

IV. EFFECTS OF PHASE-ANGLE JUMP
The indices chosen to study the effects of phase-angle jump
and initial point-on-wave are the torque peak, current peak,
speed loss and critical clearance time. These values are cal-
culated in p. u. (per unit). They are referred to the nominal or
rated torque, current and speed, which are expressed as (18),
(19) and (20), respectively.

0peak =
0r,peak

0N
=

max {|0r(t)|}
0N

(18)

ipeak =
ir,peak
√
2IN
=

max
{∣∣ia,r (t)∣∣ , ∣∣ib,r (t)∣∣ , ∣∣ic,r (t)∣∣}

√
2IN

(19)

ωmin =
ωr,min

ωN
=

min {ωr(t)}
ωN

(20)

where, subscript N means nominal values and subscript r
represents real value

A. EFFECTS OF PHASE-ANGLE JUMP ON CURRENT PEAK
In the previous studies [24]–[29], researchers mainly focused
on sag magnitude and sag duration. However, different sag
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magnitudes may result in different phase-angle jumps, which
has significant influence on peak values of stator current,
torque and rotor speed loss. In the paper, load conditions are
selected no-load, 50% full load, and full load. According to
international standard IEC 61000-4-11: 2004, starting point
of voltage sag is preferentially selected 0◦ and sag magni-
tude range from 90% to 10% and most of sag durations are
between one and ten cycles. In this section, sag duration is
selected as 5 cycles and two situations which are with and
without considering phase-angle jump are compared. The
beginning time of voltage sag is set to t0. When voltage
sag happens, uA = Um sin(ωt0) change to uA = Um1sin
(ωt0+θ1). After 0.1s, uA = Um1sin(ω (t0 + 0.1)+θ1) restore
to uA = Umsin(ω (t0 + 0.1)). When phase-angle jump is not
considered, θ1 is set to 0◦. As for phase B and C, the situation
is similar. The relationship between sag magnitude and phase
angle jump can be obtained from Table 1. The calculated
results of phase-angle jump effect on the current peak in
different voltage sag magnitude is shown in Fig. 3. From
Fig. 3., it can be concluded that.

1) From [25] and [32], it can be concluded that current
peak almost depends linearly on sag magnitude. However,
as shown in Fig. 3, this case only happens when corre-
sponding phase angle jump are not considered. In addition,
the linearity of the curve decreases with load rate increasing.
FromFig. 3., it can be seen that when considering phase-angle
jump, peak current curve of the motor can be considered as a
similar parabola line. Therefore, themaximumpeak current is
not corresponding to the minimum sag magnitude. Taking the
55-kW induction motor with 50% of full load as an example,
the maximum peak current value appears at the sag process
with 40% sag magnitude.

2) The peak current value with considering phase-angle
jump is obviously higher than the value without consider-
ing phase-angle jump. It can be concluded that ignoring
the phase-angle jump may cause evaluation errors of the
motor performance under voltage sags process. Taking the

55kw motor under 50% sag magnitude as an example, at full
load condition, peak current with considering phase-angle
jump is 70% higher than that without considering phase-
angle jump; At 50% load condition, peak current with con-
sidering phase-angle jump is 50% higher than that without
considering phase-angle jump; At no load condition, peak
current with considering phase-angle jump is 83% higher
than that without considering phase-angle jump. It is obvious
that with considering phase angle jump, the peak current
value is significantly higher than that without considering
phase angle jump. According to American distribution net-
work power quality (DPQ) survey, nearly 80%∼90% volt-
age sags are accompanied by the phase-angle jumps [36].
So not considering phase-angle jump may lead to inaccurate
results, especially in the range from 30% magnitude to 70%
magnitude.

B. EFFECTS OF PHASE-ANGLE JUMP ON TORQUE PEAK
AND SPEED
From previous studies, the influence of corresponding phase-
angle jump during voltage sag process are not taken into
consideration. Fig. 4 and Fig. 5 show the torque and speed
loss, respectively, produced by symmetrical voltage sag in
three types motors (5.5 kW, 55 kW and 135 kW) with consid-
ering phase-angle jump during sag process from 10% to 90%
magnitude.

1) From the Fig. 4, the peak torque value with phase-angle
jump is obviously higher than that without phase-angle jump.
Taking 55 kWmotor with no load as an example, peak torque
caused by voltage sag without phase-angle jump is less than
4 times rated torque. However, when considering phase-angle
jump, if sagmagnitude is less than 40%, peak torque is greater
than 4 times rated torque. So, voltage sag without considering
phase-angle may lead to a relatively lower result, which will
influence the set of torque protection.

2) As shown in Fig. 5, when the motor with full load,
the influence of phase- angle jump on the minimum speed



KA(1,θ) 0 0 0 KU8(1,θ) KI(1,θ) 0 0
0 KA(2,θ) 0 0 KU8(2,θ) KI(2,θ) 0 0
0 0 ... 0 ... ... 0 0
0 0 0 KA(k,θ) KU8(k,θ) KI(k,θ) 0 0
0 0 0 0 −1 0 0 R
0 0 0 0 0 R 0 0

AT
(1)H AT

(2)H ... AT
(k)H 0 0 0 0

0 0 0 0 0 0 1 0





A(1)
A(2)
...

A(k)
U8
I
ω

θ



+



DA(1,θ) 0 0 0 0 0 0 0
0 DA(2,θ) 0 0 0 0 0 0
0 0 ... 0 0 0 0 0
0 0 0 DA(k,θ) 0 0 0 0

C(1,θ) C(2,θ) ... C(k,θ) 0 0 0 0
D(1,θ) D(2,θ) ... D(k,θ) 0 L 0 0
0 0 L 0 0 0 −Jm 0
0 0 0 0 0 0 0 −1


∂

∂t



A(1)
A(2)
...

A(k)
U8
I
ω

θ


=



0
0
...

0
0
U
Tl
0


(17)
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FIGURE 3. Influence of phase-angle jump on the current peak in different voltage sag magnitude.

FIGURE 4. Influence of phase-angle jump on the torque peak in different voltage sag magnitude.

during the voltage sag is significant. Taking the 55-kW
motor as an example, the minimum speed during the volt-
age sag with phase angle jump is obviously smaller than

the value during the voltage sag without phase angle jump,
especially in the range of sag magnitude between 30%
and 70%.

VOLUME 8, 2020 75951



T. Liu et al.: Effect of Symmetrical Voltage Sag on Induction Motor Considering Phase-Angle Factors

FIGURE 5. Influence of phase-angle jump on the speed loss in different voltage sag magnitude.

FIGURE 6. Comparison of different critical clearance time of 5.5kW, 55 kW and 135 kW motor.

C. EFFECTS OF PHASE-ANGLE JUMP ON CRITICAL
CLEARANCE TIME
In actual engineering, consumers concern more about the
restart ability of induction motor on different sag durations.
The maximum-allowed sag duration is defined as the critical
clearance time. An analytical algorithm is used in [21] to
calculate the critical clearance time during different sag mag-
nitudes. However, corresponding phase-angle jumps are not
considered. Fig. 6 shows critical clearance times for 5.5 kW,
55 kW and 135 kW motors under symmetrical voltage sags
with considering phase-angle jumps during sag process with
the magnitude varying from 10% to 70%.

From Fig. 6, it can be seen that critical clearance time
becomes shorter and the ability of riding through voltage sag
becomes weaker, when considering phase-angle jump. That
is because inrush torque caused by voltage sag affects the
stability operation of the induction motor. With phase-angle
jump, higher inrush torque is produced, which influences the
stability of the motor more seriously and extend recovery
time. Taking 135 kW motor at full load as an example,
in sag magnitude 70%, the critical clearance time difference
between with and without considering phase-angle jump is
about 0.13s.

From above analysis, the phase-angle jump has obvious
effect on peak current, peak torque, speed loss and critical
clearance time. The results between with and without consid-
ering phase-angle jump are obviously different. So, the effects
of the corresponding phase-angle jump on safe and stable
operation of motors cannot be overlooked.

V. EFFECTS OF INITIAL POINT-ON-WAVE
A. EFFECTS OF INITIAL POINT-ON-WAVE ON PEAK
CURRENT
Initial point-on-wave −90◦ ∼90◦ and 90◦ ∼270◦ are sym-
metrical. Therefore, only −90◦ ∼90◦ are considered in this

FIGURE 7. Influence of initial point-on-wave 5.5kW motor’s current peak.

FIGURE 8. Influence of initial point-on-wave on the 5.5kW,55kW and
135kW motor’s torque peak.

paper. The 5.5 kW, 55 kW and 135 kW induction motors
follow the same rules about the effect of initial point-on-
waves on peak current. Taking 5.5kWmotor with full load as
an example, Fig. 7 shows peak current produced by symmet-
rical voltage sags with magnitude (30%), duration (0.1s) and
phase-angle jump (−43◦). From Fig. 8, it can be concluded
that

1) With the initial point-on-wave ranging from −90◦ to
90◦, peak current of phase A fluctuates significantly. The
value of peak current reach to maximum in 0◦ and reach to
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minimum in 80◦.The fluctuation is nearly 15% of the average
value.

2) As for the maximum value of three phase peak current,
the appear time point of maximum peak current of A, B, C is
different. So, the fluctuation of the maximum value of three
phase peak current is obviously slight, compared to that of
phase A peak current.

To analysis the effects of initial point-on-wave on peak cur-
rent. The standard deviation is used to describe the fluctuation
of peak current:

ε =

√√√√1
n

n∑
j=1

(
ij − ī

)2 (21)

where i represent peak current produced by voltage sags with
different initial point-on-waves, i= [i1, i2. . . in]T. The 5.5 kW
motor with full load is analysis by using (22) in different sag
magnitudes (10%∼90%). The results are shown in Table 2
and it can be seen that the initial point-on-wave nearly has a
slight influence on the maximum peak current of three phase
(ε ≈ 0.2).

TABLE 2. Influence of initial point-on-wave on the 5.5 kW’s max value of
three phase current peak.

B. EFFECTS OF INITIAL POINT-ON-WAVE ON PEAK
TORQUE, SPEED LOSS AND CRITICAL CLEARANCE TIME
In this paper, taking 5.5 kW, 55 kW and 135 kW motor (full
load) with sag magnitude 30% and phase-angle jump −43◦

as an example, the results are shown in Fig. 8 - Fig. 10 after
numerous simulations. It can be found that under different
initial point sag processes, the motor’s peak torque, minimum
speed and critical clearance time are nearly the same. So,
it can summarize that the initial point-on-wave only has a
slight influence on these three operation indicators, namely
peak torque, speed loss and critical clearance time.

FIGURE 9. Influence of initial point-on-wave on the 5.5kW, 55kW and
135kW motor’s speed loss.

FIGURE 10. Influence of initial point-on-wave on the 5.5kW, 55kW and
135kW motor’s critical clearing time.

Referring to the starting process and three phase short
circuit of induction motor analysis in [38], [39], under sym-
metrical voltage sags, the variable of initial point-on-wave
can be eliminated during analytical derivation process. There-
fore, it can be concluded that the influence of initial point-
on-wave under symmetrical voltage sags on these indicators
and the wear of induction motor is slight. However, under
unsymmetrical voltage sags process, this point-on-wave has
an obvious influence on the current and torque peaks and little
influence on the speed loss [26].

VI. EXPERIMENTAL VERIFICATION
A. EXPERIMENTAL SCHEME
In this paper, an experimental study of 5.5 kW induc-
tion motor is applied for verifying the accuracy. Chroma
18600 programmable power source with 60 kVA rated power
is used to generate voltage sag waveform. Power analyser is
used tomeasure the operating performance under steady-state
condition. A torque transducer is used to measure the tran-
sient 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. The test rig is shown in Fig. 11. The
experimental schemes are

FIGURE 11. Test rig.

1) An experimental test platform for the voltage sag, which
includes a programmable three-phase power supply, an oscil-
loscope, a torque instrument, an induction motor and a DC
load motor is provided.
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2) By programming the programmable power supply,
the different forms of voltage sag can be generated.

B. SIMULATION INTRODUCTION
In this section, the same 5.5 kW induction motor model is
used to study the transient performance of induction motors
under symmetrical voltage sag process. The detailed speci-
fications of 5.5 kW induction motor are shown in Table 3.
And the 2D finite element mesh division is shown in Fig. 12.
The finite element model adopts the same excitation terminal
voltage waveforms of the real experiment.

TABLE 3. Specification of the 5.5kW induction motor.

FIGURE 12. 2D Finite element model of the 5.5 kW induction motor.

C. COMPARISON OF EXPERIMENTAL AND SIMULATION
RESULTS
The comparison of experimental and simulation results is
shown in Fig. 13. It is obvious that the simulation waveform
matches well with the measurement ones. Two waveforms
have similar tendencies and values. From the Fig. 13, it can be
seen that the simulated and test waveforms are not standard
sinusoidal waveform. This is because the harmonic waves
caused by nonlinear behaviours of magnetic materials and
inhomogeneous distribution of magnetic potential and mag-
netic resistance, which can be accurately calculated by the

FIGURE 13. Comparison between the measured and calculated stator
currents of the 5.5kW induction motor with initial point-on-wave,
no phase-angle jump, no-load condition and 50% magnitude.

proposed method. The more details (current peak, torque
peak and minimum speed) of the 5.5kW motor under voltage
sag process are shown in Table 4.

TABLE 4. Comparison of simulation and experiment voltage Sag 50%
magnitude, no phase angle jump and no load.

VII. CONCLUSION
This paper adopts new 2-D multi-slice time-stepping FEM to
study the influence of phase-angle factors on the performance
of induction motor during the voltage sag process. As the
symmetrical voltage sag is the most severe sag event, this
paper only considers the symmetrical voltage sag process.
The simulation results not only can calculate the fundamental
wave, but also take the harmonic components into account.
In addition, taking three types motors: a 5.5 kW (small),
a 55 kW (medium) and a 135 kW (large) induction motors
as examples, this paper has a detailed exposition on the

75954 VOLUME 8, 2020



T. Liu et al.: Effect of Symmetrical Voltage Sag on Induction Motor Considering Phase-Angle Factors

effects of phase-angle jump and initial point-on-wave on the
value of peak current and peak torque, the minimum motor
speed and critical clearance time of the induction motor. The
results show that the 1) Not considering the corresponding
phase-angle jump will cause significant errors on the value
of peak current, peak torque, speed loss and critical clearing
time. For example, at some sag magnitudes, such as 50%
sag magnitude, the torque peak and current peak is nearly
1.5∼2 times as much as that without considering phase angle
jump. Therefore, in the future study, the phase-angle jump
corresponding to each voltage sag process is also an important
influence factor. 2) The initial point-on-wave nearly has a
slight influence on peak current (ε ≈ 0.2). The main reason
is that three phase stator windings are symmetric in space.
Under the symmetrical sag process, the three-phase peak
current appears at different times intervals, which are comple-
mentary to each other. The initial point-on-wave nearly has
no influence on peak torque, speed loss and critical clearance
time. This is because the initial point-on-wave variable can be
eliminated during analytical derivation process. In the future,
we will further how to set up the protection devices to protect
the motor from the influence of phase angle jump.
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