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Abstract. In petroleum industrial systems, analysis of power systems should be
considered to exploit system reliability and prevent change in process performance
during starting in equipment such as induction motors and industrial pumps. Medium-
voltage induction motors are essential electrical machinesin the oil, petrochemical, and
process industries; therefore, the study of induction motors is an integral part of the
analysis of power system. The starting current of induction motors is 5 to 7 times
greater than the nominal current at the moment of starting until it reaches the nominal
torque. This starting current will result in the motors and transformer and voltage drop
in users' appliances connected to the electric grid to the extent that it might even cause
a shutdown in the grid or not start the motor. In this paper, the starting of squirrel cage
induction motors 1000kW by variable frequency drive in Tabriz pump station has been
analysed by the ETAP 19.0.1 software.

Keywords: starting induction motors, squirrel cage induction motor, ETAP, starting

current, petroleumindustrial.

Introduction

In most oil, gas, and petrochemical industries,
medium-voltage induction motors are needed for
providing power to stimulate machines such as
pumps and compressors. The advantages of these
motors can be referred to as high reliability, low
maintenance cost, and the possibility of starting
the motor under load, which increase the use of
these motors in process industries. Hence,
induction motors start on the voltage of 6 and 11
kV.In a medium-voltage power grid, while starting
an induction motor in an industrialized zone, the
motor operates as a small impedance in the power
grid; therefore, due to the low impedance of the
motor in the grid, the starting current increases
dramatically; in this situation, the current will be 5
to 7 times greater than the primary nominal
current of the motor; this will cause an intense
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increase in the bus current, as well as an intense
voltage drop in nearby voltage consumers. This
voltage drop will be significant in the low-voltage
grids (0.42 kV) and lighting loads. Moreover, since
the motor's starting torque is also dependent on
the motor's terminal voltage, if the voltage drop is
over 15 %, the motor may not be started to reach
its nominal speed. The most effective way of
electrical submersible pumps regulation is to use a
variable frequency drive. At the same time, the
reliability of a high-voltage multilevel frequency
converter without reserve power cells exceeds
insignificantly by no more than 5% for any
operating time. The use of a high-voltage multi-
level frequency converter with one reserve power
cell in each phase provides an increase in reliability
of up to 15..20% with up to 200,000 hours of
operation. A further increase in the number of
power cells does not give such a significant
increase in reliability [1]. The control strategy for
the overall system is developed and verified in the
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MATLAB/SIMULINK platform. The results show
that the proposed converter-fed induction motor
drive performs satisfactorily at all operating
frequencies [2]. Also, in another research, the
capacitor bank has been used to increase the
power factor and minimize the grid's voltage drop
[3]. This paper presents a simple converter for
driving three-phase induction motor from three-
phase AC supply by using the variable frequency
drive in feedback. Hence, the speed of induction
motor is controlled by variable frequency device
automatically through controller. It is simple and
efficient method to control the speed because
speed depends upon voltage, pole and frequency.
Poles are fix inbuilt in the motor therefore we
cannot change it and speed control through VFD is
simple and energy efficiency method [4]. An article
analysed the starting of electric motors in the
power grid [5]. V. Kolev, and I. Zlateva reported
that the introduction of VFD for driving
mechanisms of high-power consumption (pumps
and fans) in power plants may result in decrease
towards the motor internal consumption which is
between 2 — 3% [6]. In another research, the
starting of medium-voltage induction motors is
carried out in an industrialized zone; this study
analysed static and dynamic starting [7]. Generally,
Variable Frequency Drives (VFDs) allow to operate
motors and pumps at the precise speed needed
for the process and energy saving. Therefore, the
Nuclear Power Plant (NPP) model was developed
using Electrical Transient Analysis Program (ETAP)
software and was benchmarked for Advanced
Power Reactor 1400 MW electricity (APR1400).
The analysis was performed with VFD installed and
without VFD. The new approach for Condensate
Pump (CP) energy saving calculation using VFD was
introduced, and the results were confirmed by the
ETAP model simulation results [8]. To minimize
voltage disturbances and maintain quality of the
power supply to customers, the paper presents
clear limits for maximum allowable motors’
starting currents and corresponding maximum
electrical power ratings. The shared 11kV is a ring
designed to feed more than one customer. The
criterion, in this case, is to start two customers’
motors at two different rings at the same time and
observe the rapid voltage change at other
customers fed from the same rings [9]. Capacitors
have been used as drivers to increase the reduced
voltage in the system at the starting moment and
increase the reactive power generation [10]. A
new Modular Double-Cascade multilevel converter
topology with a six-winding isolation transformer
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were presented. Owing to the modularity, the
proposed topology is a flexible solution in motor
and generator applications. The Total Harmonic
Distortion of the output voltage is low compared
with two-level converters because of the multiple
series-connected power modules. The symmetric
magnetic coupling between sub modules ensures
inherent energy sharing and DC-link voltage
balancing. The application fields of the proposed
converter are diverse, including general medium-
voltage motor and generator applications. Further,
an interconnection of grids and voltage
transformation are possible with the modular
double-cascade  converter  topology  [11].
Presented in [12] a new starting system for three-
phase induction motors has been considered. The
proposed starting system uses a part-winding and
capacitors to start up, run and improve the power
factor. A two-dimensional finite element magneto
dynamic model of a three-phase induction motor
has been used to analyse the proposed motor
configuration. Several steady-state and time
stepping simulations has been done, and they
demonstrate the proposed motor has a starting
line current of 60% of the conventional motor
starting current and starting torque about 50% of
the conventional motor starting torque. It is also
demonstrated the full-load efficiency of the
proposed motor is the same as the conventional
motor full load operation and the power factor of
the proposed motor is near to the unity [12].
During a first general start up using star-delta
switches in all motors, the 1.85 MW, 3.3 kV Fan
Motor of the Cement Mill section has presented
an unacceptable voltage drop. Using a soft starter
for this motor has reduced its voltage sag within
the permissible limits and a smooth start up is
accomplished. The highest voltage sag recorded is
approximately 7%, at the 710 kW, 0.69 kV, and
Filter Fan Motor of the Coal Mill section [13].
When a shunt active filter is put in service to take
care of the harmonic and reactive power
requirements of the controller and induction
motor, it is found that the main current decreases
drastically, with the THD level falling within 5%. In
all, it can be stated that a shunt active filter can be
very useful to reduce the current amplitude and
pollution level substantially when an AC voltage
controller fed induction motor drive is employed in
certain applications like fans or centrifugal pumps.
This will be a very useful scheme especially in
industries where 6 multiple induction motors of
large capacity are frequently started from a 3-
phase supply using soft-start [14]. Hence, in this
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paper, the starting of the induction motor of 1000
kV at the Tabriz pump station and different modes
for operating of the squirrel cage induction motors
will be discussed in the 6 kV grid. For the purpose
of reducing of the starting current, the variable
frequency drive method will be analysed by the
ETAP 19.0.1 software.

1. Starting Analysis of Induction Motors

Squirrel cage induction motors are theoretically a
self-starter; the stator of these motors, which is
made by windings, creates a rotating magnetic
field by connecting to a three-phased voltage
source; this will create an induced magnetic field
in the rotor's conductors. According to Faraday's
and Lenz's laws, the stator's and rotor's magnetic
fields interact with one another, causing rotation
and torque in the motor [15]. At the starting
moment, induction motors are stationary and such
as short-circuited transformers. When the voltage
is applied to the stator, a large current, named
"Locked rotor current," will pass through the rotor.
LRC current is a function of the motor's terminal
voltage and design parameters. This current is
about 5 to 7 times greater than the motor's initial
current, which results in a voltage drop in the
system alongside disruptions for the nearby
voltage consumers and loads in the power system.
The value of this voltage drop depends on the
starting impedance and power system [16]. Due to
the structure of the induction motor, in static
mode, the starting power coefficient is low and
about 10 to 20 percent. The rotor's impedance Z_2
is obtained by Equation (1):

Z,= |R5+X2 (1)

Where X, is the rotor reactance and R, is the
rotor resistance per phase; thus, the starting
power factor will be:

R,

JRZ +SXx2

The torque-speed curve of the induction motor
has been plotted in figure 1. At the starting
moment, a current about 6.8 times greater than
the starting current will pass through the motor.
As the motor torqueincreases, the starting current
decreases, and when the motor's speed reaches

cosgp =

(2)
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80 percent of the nominal speed, the current
drops significantly [17].
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Fig. 1. Torque-speed curve of the induction motor

A high starting current can affect the insulation of
the winding in induction motors and may damage
the motor insulation by increasing the motor's
internal temperature. Therefore, to control the
starting current of induction motors, different
methods are used to prevent high starting current
[18]:

- Autotransformer starter: In this method, the
input  voltage is controlled by an
autotransformer. At first, the reduced input
voltage is given to the motor, and then the
voltage increases until it reaches the nominal
value. (Nominal load)

- Star-delta starter: During the motor starting, in
order to reduce the starting current, the motor
is operated star connection. As the motor
speed increases to reach the nominal value and
the fluctuations reduce, the motor windings are
changed into delta connection. The starting
current is calculated as:

V.
Up =5 3)
v, v
I =P L =1 4
P Zl \/§XZ LY ( )
Iy = §ILA 5)

Where V, is line voltage, V, is phase voltage, Ip is
phase current, I,y is line current (star), and I, is
line current (delta).

- Double squirrel cage motor: In this method,
with the aim of controlling the starting current,
the motoris designed as a double squirrel cage.
In this design, the motor consists of two cages;
the outer cage must generate torque for
starting the motor, and the inner cage has to
generate torque at the steady-state model of
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the motor. The rotor's frequency is calculated
from Eq. (6):

fr=5f (6)

Where f, is rotor's frequency, S is motor's
fluctuations, and f is the power system frequency.
- Current control by resistance: In this method,
the rotor's current will be controlled by a
resistance in the rotor's circuit. The current
value is inversely proportional to the
impedance; thus, the current will decrease as
the resistance value increases. If E is equal to
the inductive voltage in the rotor, R and X are,
respectively, rotor's resistance and rotor's
reactance; according to Equation (7), the
rotor's current formula is:

2

EZ
L, =—u2— (7)
2 JRZ+ Sx2

Consequently, the starting torque is calculated by
Eq. (8):
RZ
T =Ko pr i
3P
K,=—E?}

N

8

©)

Where, T_st is the starting torque, K is rotor factor,
w_s is rotor's rotational speed, and P is the
number of poles in the motor.

- Variable frequency drive: Controlling the
motor's starting current via variable frequency
drive is one of the methods for operating high
power induction motors. In order to linearly
control the motor's speed, these drives apply a
frequency that is less than the nominal
frequency to the motor at the starting moment
[8].

2. Modelling of Power Grid of Tabriz Case
study (Tabriz pump station)

To study and analyse the starting of squirrel cage
induction motors at the Tabriz pump station, the
Tabriz power grid model with neighbouring pump
stations for load flow study, along with short
circuit and starting motor analysis have been
considered. Given that the adjacent stations have
process activity (with oil) going on, it is necessary
to analyse the impacts of starting this motor on
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their voltage profile; because it might cause a
severe problem in their performance due to the
voltage drop at the adjacent stations. Therefore,
for the verification purposes, modelling has been
done from the 132 kV power grid to the Tabriz
pump station in ETAP 19.0.1 software. Based on
[19], the short circuit power of the 132 kV power
grid has been considered as 10000 MVA. The
existing power grid has three oil pump stations.
Figure 2 illustrates a single line diagram of the
Tabriz power Grid.

WA ARAHART

Fig. 2. Single Line Diagram of Tabriz Power Grid

Fig. 3 shows Tabriz pump station, which has three
squirrel cage induction motors with a power of
1000 kW, these are fed by two 3.5 MVA parallel
transformers. One of the transformers is available
and another is on standby.

_T—‘—T—}m

Fig. 3. Single Line Diagram of Tabriz Pump Station
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Transformers details have been reported in the
table below:

Table 1. Transformer Parameters

Rating
Tag %Z X/R
MVA Prim. kV Sec. kV
T, 3.5 20 6 7.05 8.5
T, 3.5 20 6 7.05 8.5

There are two motors in the service mode and one
motor in the standby mode in this arrangement. If
one of the motors fails to operate or gets out of
the circuit, that motor will be removed from the
circuit, and the motor on standby mode comes
into service; this way, no problems occur during
the process. Based on Fig. 2, the motors are fed by
bus bar 6. The characteristics of induction motors
are as follows:

Table 2. Three-phase Induction Motors Data (MP101,
MP102, MP103)

Nominal Voltage (kV) 6
Nominal Current (A) 113
Power (kW) 1000
Frequency (Hz) 50
100% load 0.9
Power Coefficient 75% load 0.87
50% load 0.85
100% load 97
Efficiency 75% load 95.5
50% load 94.8
X, (Q) 11.13
Ry (Q) 1.78
X, (Q) 11.01
R, (Q) 1.58
Xnm (Q) 346.6
%S 0.6
%LRC 550
cosQ, 14.2

Fig. 4 shows the internal schematic of an induction
motor. R_s Which is stator's resistance, X_s is
stator's reactance, R_r is rotor's resistance, X_r is
rotor's reactance, and motor's inducted reactance
has been demonstrated in this figure.

Rs Xs Xr
o= ANA—TI——TI— Xifl = 12.12
1.78 1113
Xdr=11.01
im ke R.‘Sg
Rdfl = 1.58
346.6 ©
Rdr = 1.58

Fig. 4. Internal Schematic of a 1000 kW Induction Motor

3. Analysis of Tabriz pump station
3.1. Load Flow Study

The load flow study of the power grid has been
done by Newton-Raphson method. According to
that in busbar Number 6, two 1000 kW motors
have been started, no voltage drops, and overload
are observed in the station. The voltage drop is
0.069 and the power factor of the motoris 0.9. In
the load flow study, all loads of Tabriz pump
station are powered by 3.5 MVA transformer.

e

"
o [ORPRR S il
“an '
-
v o gg AT,
v e monw .
o o

Fig. 5. Single line diagram of Tabriz pump station, load
flow study (Newton-Raphson method)

Table 3. Transformer and Induction Motor Parameters
(nominal voltage, current, power factor, voltage drop)

TAG Voltage Current Cos, Vy
% A % %
MP-101 99.75 1106 90  0.069
MP-102 99.75  110.6 90  0.069
T2
3.5 MVA 99.76 272.8 89.46 0.011
T3
400 VA 99.74  450.8 8532 0.115
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According to Table 3, the voltage drop during
continuous operation of induction motors at the
station is less than 2% and is acceptable. The
voltage at the T2 transformer terminal has
dropped by 0.24%, which is due to the presence of
two 1000 kW motors and an active pump booster
at the station. The low voltage loads of the station
are supplied by transformer T6. In this
transformer, the voltage drop is acceptable and
there will be no problem with the connected loads
(Voltage drop less than 2%).

3.2. Short Circuit Study

To calculate the short circuit current in the Tabriz
pump station in ETAP software, calculations have
been performed based on IEC 60909 standard.
Figure 6 shows a single line diagram of the Tabriz
pump station during the short three-phase to
ground, according to [20].

Fig. 6. Single line diagram of Tabriz pump station, three-
phase short circuit to ground

The parameters of the short circuit of the power
grid of Tabriz are specified in Table 4.

Table 4. Short-Circuit Current Values of Transformers,
Busbar, and Induction Motors

SHORT CIRCUIT Current

TAG KA

MP-102

MP-102 5.409
MP-103

BUS 6 5.409

T2 HV 7.796

3.5 MVA MV 5.412

T3 MV 5.378

400 kVA LV 12.03
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When a short circuit occurs, the magnitude of
short circuit current in the Tabriz pump station is
5.4 kA. The maximum short circuit current of the
Tabriz pump station is equal to the largest load
consumption, which is a 1000 kW motor. If a
parallel transformer is also operated at the station,
the amount of short circuit current will increase to
8.17 kA. The largest short circuit level for a low-
voltage transformer is 12.03 kA.

3.3. Static Motor Analysis

In this section, three methods of starting a motor
are presented. Because the voltage drop at the
starting moment should not be more than 15%
[21] and to prevent problems for the station's
performance; the following methods are
considered to be the most appropriate starting
methods:

3.3.1.First Case Study: One transformer in
service and one of the motors for starting:

Fig. 7 shows the single-line diagram of the first
case study. In this case, a transformer with a
power of 3.5 MWA feeds Tabriz pump station, and
a 1000 kW motor is started. According to the table
5 the following data were obtained:

»—
p
=
e

Busé
&

6 kv l

e

Cables

O—e

o A o A4 o 3%
Bus8 22 Busy -0 Bus10 78
6kv  —@— 6ky  —— 6kv
5336A 4
14.35% PF go.0 e
LE]
( } O 400 kva
BOOSTER PUMP 1 MP-101
185 kW 1000 kW
a7 %
Bus? aa.le

0.4 kv

Cabled

Fig. 7. Single line diagram of the first case study for
starting an induction motor (One transformer + one
motor)
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Table 5. Busbar and induction motor parameters at first
case study (nominal voltage, current, power factor)

Current Cos,
Voltage % A %

MP-101 88.02 533.6 14.35
Bus 6 86.41 - -

Given the values of the table, in this case, the
motor terminal voltage is less than 15 % at the
starting moment, and the grid will reach stability
after starting moment.

3.3.2.Second Case Study: One transformer in
service and two motors for starting:

Fig. 8 shows the single line diagram of the second
case study. In this case, a transformer with a
power of 3.5 MWA feeds the Tabriz pump station,
and two 1000 kW motors are started. According to
table 6, the following data were obtained:

by

™ u
0v -
13

bzt " ]

w10
o

TOR PUMP | e
100kw

Wi

o
oaw

Fig. 8. Single line diagram of the second case for starting
an induction motor (One transformer + two motor)

Table 6. Busbar and induction motor parameters at
second case study (nominal voltage, current, power

factor)
Current Cos,
Voltage % A %
MP-101 76.85 465.3 14.35
MP-102 76.85 465.3 14.35
Bus 6 76.85 - -

Given the table values, in this case, the motor's
terminal voltage is more than 15 % at the starting
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moment; thus, the motor will not be started. Also,
because of the high voltage drop in this station,
low-voltage consumers will face shut down.
Regarding the station's performance, this case is
the worst case of starting the motor.

3.3.3. Third Case Study: one transformer and
one motor available - one motor to starting:

Figure 9 shows a single line diagram of third case
study. In this case, one motor is in service, and one
motor is started. According to Table 7, the
following data are obtained:

Fig. 9. Single line diagram of starting the third case study
(one transformer and one motor available - one motor
to starting)

Table 7. Busbar and induction motors parameter at
third case study (nominal voltage, current, power factor)

Voltage % Cur;ent C‘;/jqﬂ

MP-101 86.4 523.1 14.35
MP-102 86.4 - -
Bus 6 86.41 - -

According to the values of the table 7, it is clear
that, in this case, the motor terminal voltage is less
than 15% and there is no problem at the moment
of starting. Also, in low voltage distribution
transformers, the voltage is acceptable, and
blackouts and interruptions will not occur. This
arrangement is the best possible method of
starting; because when the first motor is running,
the second motor is started, and the voltage drop
is acceptable, and it follows the standard [21]. If
one of the motors fails, the third motor (standby)
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can replace the broken motor so that the
operation of the pump station is not disturbed.

4. Dynamic motor analysis
4.1. Variable Frequency Drive Study:

Variable frequency drive consists of electronic
power equipment to change input voltage and
frequency to variable voltage and frequency at the
output for a soft start in high power induction
motors and industrial pumps. In VFD design, the
voltage and output frequency are controlled by
switching the thyristors. Accordingto the equation
(10), the voltage to frequency ratio is calculated
for optimal VFD design. On this basis, the voltage
to frequency ratio for the 6 kV power grid is as

follows [10]:
6kV
Waveform
Active I:’c’e Fr}:u V{:h Cgr:;;red ’:ﬂ‘ ':»_
T"JBEW 0 | o | 120 |Rem
2| @ | 2 | & [H20 Remp | |5 i
3| | 3 | 60 | 120 | Ramp E
4| @ 4 | 80 | 120 | Ramp | |
5| @ | 5 | 100 | 120 | Fxed
6 v 5 0

Fig. 10. Frequency-time curve, Variable frequency drive
parameters (frequency steps)

Figure 10 shows the VFD linear curve. To control
the motor speed up to the point it reaches to the
nominal speed, five frequency steps have been
considered. In the first step, the frequency value is
0 Hz, in the second step 40% (20 Hz), in the third
step 60% (30 Hz), in the fourth step 80% (40 Hz),
and in the fifth step with 100% frequency (50 Hz)
the motor is started. As shown in Figure 11, when
the motor is started by a variable frequency drive,
after the moment of starting, the slip reaches its
minimum value due to the increase of the motor
speed and torque up to the maximum value.
Figure 12 shows a curve of speed- time. The
variable frequency drive is designed so that the
motor speed increases linearly and will cause the
motor to soft-start.
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MP-101 - Slip

| MP101

Fig. 11. Slip-time curve for Mp-101

MP-101 - Speed

B MP-101

Fig. 12. Speed-time curve for Mp-101

Figure 13 shows the current-time curve of the
motor in starting mode with a variable frequency
drive. When the motor is started by the VFD, the
initial current will be 65% of the rated current of
the motor. In this case, without starting by VFD,
the starting current will be 5 to 7 times the rated
current of the motor. At the starting moment of
the motor, 65% of the rated current will be used to
generate the starting torque. Then, the torque
increases exponentially to the nominal value.
Figure 14 shows the motor starting torque-time
curve.
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MP-101 - Current (Terminal)

= W MP-101

Time (Sec)

Fig. 13. Current-time curve for Mp-101

MP-101 - Motor Torque

Torque (%)

W MP101

Fig. 14. Torque-time curve for Mp-101

Figures 15 and 16 show the voltage curves in the
132kV and 20kV power grid of Tabriz. At the
moment of starting the motor by VFD, the 132 kV
power grid, voltage drops by 2%. Also, in the 20kV
grid, the voltage has decreased by 1.7%. These
values are acceptable in the examined power grid.

Bus3 - Voltage

%8

% 985+ B Bus3

984

Fig. 15. Voltage-time curve 20 kV power gird
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U1 - Vt (Machine Base)

Fig. 16. Voltage-time curve 132 kV power gird
Conclusion

In this paper, in order to start the Tabriz pump
station with squirrel cage induction motors, the
Tabriz power grid was studied. Because the high
starting current is caused by low impedance in the
grid, nearby loads will face a significant voltage
drop. Thus, the starting of motors in the power
grid will affect the power quality and reliability of
the system. For this reason, the direct starting of
the motors was analysed in all cases. When two
motors were fed from the grid simultaneously, the
voltage drop in the motor's terminal exceeded the
desired value; thus, to control the starting voltage
and current, the motors were started by a variable
frequency drive. According to the results and
characteristic plots, it was demonstrated that by
connecting motors to a variable frequency drive,
two motors could be started simultaneously
without causing a voltage drop in the station.
Given that there are adjacent voltage consumers
in the Tabriz power grid, there will be no change in
voltage profile at the VFD starting case; in this
case, the voltage, frequency, and starting current
are controlled, and the grid is stable, in addition to
the high reliability of the power grid, the
maintenance cost also decreases considerably in
this case.
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