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LOBtetsh j dzdetsisd L j d3j dz'dzdzd BC s h PpwpdL o dH
ftsmdzfj biets COC ftoesdLotsHMmIse j dzgdgOW H W Is
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B34 Mis.
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B ded 4 UJ B3 Holkzdzw dzs H! di3d HB fwde' sqdv ¢
JLtsdzdtkze hdrn fjtyOlkcorn d MOYfscOr. 1 td
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sOkjestedyj M¢d LOftejh Ojlsmw dimf sdz! L ts9 C
oJNiMlsea® HAY IIskh jddw §t)yOttse o 1 dzj ¢ Ist

l " 9 tH

] 1 Ists?2 G dzOo9 § sBMEkzYyHO] Ismw mMsyd Odz
sy S BdBdzOMdzes "1 1 ¢l RS ¢ vaeuvt [suul ¢ ¢
Myd dzotedd ftodd3j dzj ded¥ s ClsO ©BYftejH]d
OCIsdodets? ddzd BtecOdzdyd ME B2 My HES2 . 1 tod

ve¢ A, i sdzlz yJ dzedzi M Is 'f tc BHzIHG]IdS ftsHe jtcc Ols
s j the@slots o sL Hj2Mlsads btsiCMmMdyder = d Octj M
Is 4 ud dad J Hdzd Isj dz' dztsG s o toj d3d dzd , zZ G totsy (

sBBStczHBsoOdzdY d BJLBY OMdesMmis! Y qLdzj HJ
LG A COC dd mOdzd y4 MS 54 z s tetfis@ fifydzt fitpls ¢ dzj h
odBtOydistslse jlsmMisadd M ¢} tcOQoaddzOBRB] (s
1L dzj ClsteskzMmMlsOdesotsC é OB BISSHOI] dzd d dzd (¢
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ctolzd L dzj Clstostef)RBe@tz@zisc =l e J + S MY dzz OIs C
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L dzj Clsteslsj mdzd yud ME BGE s i J ehts dzO dzO H ts dzy dz
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Introduction

This research ivital because ESPs are gengratpose machines that are
widely used in the oil industrHis direct start will bring great harm, so in this study,
the working characteristics of ESP untgyristor soft start are discussed.

The aim of the present workis to evaluate the transient stag process of
an ESP with a thyristor soft starter and to analyze the impact of the thyristor s
starter on the entire staup process.

The objectives of the work are:

to analyze literature data;

to analyze sofstart method,;

to make simulation modeils

to analyze results of the tests;

to analyzeeffectiveness of a thyristor soft starter for the starting process

The research objectis motor PEDN 44103-1000/00 and pump ESP
Novomet VNNSA-8 OM and the contf380. station -

The research methodsinclude characteristic calculation and computer
simulation.

The scientific novelty of the work is that the performance of the tistor
soft-start is evaluated.

The practical value of the workis to evaluate the soft start of thyristors for
induction motor PEDN 46103-1000/00 and the submersible pump ESP Novome
VNN5A - 80M.

Structure and volume of the work

Our work hasl123 pages (excluding appendix) and consists of introduction
five basic units, conclusion, reference, and appendices. Each unit consists of se\
logically interconnected chapters followed by a conclusion where we enumerate |
results of our work concerrgnthat unit. The total outcome of the research is
summarized in a separate conclusion. Our references consiS8 afources

represented by books of Russian and foreign authors.
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1. General information about ESP
1.1. Development historyof ESP

Waterpump is a common production equipment. Its working principle is tha
the motor drives the impeller at high speed through the pump shaft, does work on
liquid, and converts the mechanical energy into liquid energy, to achieve the purp
of conveying theliquid [1]. The history of the water pump is very early, the
centrifugal pump appeared as early as 1689, and the French physicist Papin cre
an experimental model. With the advent of electric motors, centrifugal pumps ha
been widely developed. Theskory of submersible pumps is relatively late, and the
first submersible electric pump appeared in 1928. A submersible pump is
mechatronic device with a compact design. During operation, the submersible pu
can only be started by placing it in the liquDue to its simple structure, small size,
and convenient use, it has developed radigly

Electric Submersible Pump (ESP) units Raeglless pumping units used in oil
production. It contains directly connected downhole pumps and downhole pur
drives. Ard use the cable to power the pump drive. Due to the design Biotlless
pump, the power of thRodless pump is much higher than that of Reelless pump.
This enablefRodless pumps to handle large volumes of pumped liquids.

The development dRodless purms in Russia began in the early 20th century,
as early as 1916, Armais Arutyunov successfully invented the world'SRbdiess
pump that could be used in oil production. He then founded the Bart Manufacturi
Company in the United States, which was reedfREDA Pump" in 1930.

The Rodless Pump Special Design Bureau (OKB BN) was established
1950 to conduct research in the field Bbdless pumps. Bogdanov Alexander
Antonovich is the founder of OKB BN.

The organization has been a leader in the produofi®odless pumps for the
oil industry for many years, including progressive cavity pumps, diaphragm pumyg
and more.

The invention of the pump has also driven the rapid development of the «

and gas industry. As the world's second largest oil exporter, Russia is a world lea
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in oil and gas exploration.

Most companies in the Russian Federation choose electric subdmersifyps
for oil operations, and this proportion has reached 34%. The proportion of ¢
produced by electric submersible pumps accounts for more than 80%, and t
number continues to grojg].

The main reasons why ESPs are growing faster than otheramiligiron
equipment are:
"~ The electric submersible pump has a large displacement, which c;
increase the liquid production of a single well and maintain a high and stable oil w
production.

The use of electric submersible pumps for oil recovery inesdlse
pressure drop during production and can improve the recovery of oil reservoi
especially for heterogeneous fields with multiple reservoirs.

~ After the electric pump is pumped out, the reservoir pressure is reduce
thereby reducing the water ijgon pressure, slowing down the casing damage rate
and reducing the initial pressure of the {permeability layer of the reservoir.
Adjacent wells and increased water absorption.

~ Small land footprint, more suitable for deviated and horizontal wells, an
offshore oil production.

But it also has many disadvantages:

The operating depth is limited by engine power, tubing and casin
diameter, wellbore temperature, etc.

~ Relatively pensive, high initial investment.
"~ high operating costs and excessive downtime.

~~ Motors and cables are prone to breakage

1.2. Structure of the submersible electric pummunits

ESPs are electro technological complexes that contain grounsllanterged

electrical equipment (Fig. 1).
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1 - inductionmotor; 2- hydroprotection; 3 pump; 4- cable for diving; 5
transformer; 6 drain valve; 7- belt; 8- pipeline; 9i wellhead equipment; 1-0cable
connection; 11 check valve; 12 gas separat.
Figure 1- ESP structure
ESPs are electro technological complexes that contain ground and submer
electrical equipment (Fig. 1). Submerged electrical equipment of ESP consists ¢

multi-stage (from 80 to 500 and more stages) electrical submersible pump (ESP) v
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a gas separatoat the suction and efllled induction submersible electric motor
(SEM) with a hydroprotection (protector) that protects SEM from penetration of tr
surrounding formation fluid .

In the assembled form, the SEM is located at the bottom of the submersil
unit (Fig. 1), the protector is above it, and ESP is over the protector. The unit
descended into the well on a flow column (tubing) connected to the wellhe:
equipment and suspended on a hanging washer without additional attachment to
well. SEM powver supply is carried out on a special oil and-ggssstant circular or
flat threecore cable with a flexible tape armor, which is fastened to the tubing wit
metal belts. In the final section (at the first tubing) the cable line represented by a
mota lead extension that allows to increase the diameter of ESP and SEM in
casing string of the oil well. The minimum permissible clearance, found and justifie
by the practice of ESP operation is 6 mm [4]. It guarantees a trbreblelescent and
lifting of submersible equipment and determines the transverse dimensitms of
submersible unit. In the tubing string (Fig. 1), above ESP, a return valve is installe
When ESP stops, it holds a column of formation fluid to exclude a turbine rotation
ESP andthe rotor of SEM and to facilitate subsequent siart Turbine rotation
occurs in the absence of a return valve when the pump unit stops due to the lic
column remaining in the tubing. Above the return valve is a drain valve that allov
the fluid formdion to drain into the annular space when the unit is lifted. Without thi:
valve, the liquid, spilled on the surface, creates a threat to the environment
workers.

The transformer and control station (CS) belong to the ground electric
equipment of theelectrical complex and the system (ECS) of ESP. The commerci
two-winding transformer is designed to step up the voltage 0.4 kV, coming from tl
output of the CS (Fig. 1) to a voltage of -B5V, which is necessary for the
operation of the SEM. The sewtary winding of the transformer contains from 5 to
36 tapoffs for stepby-step regulation of the output voltage by means of a manue
drive in the SWE mode (switching without excitation). Regulation of this kinc

provides compensation of voltage lossest tbacur in a long (usually many

137



kilometers) cable ling5].
2. Analysis of Soft Start

With the development of oil production from shallow to deep, the operatin
conditions have become increasingly severe, the inflow of groundwater has increa
sharply, and the drainage pressure has increased, making the installed power of
submersible pmp motor larger and larger. From 100 kilowatts to several thousar
kilowatts. If the water pump is started directly underground, the current impa
generated by the hig¥pltage and higipower motor during the stamp process will
easily cause the instemeous voltage drop of the local distribution bus, which will
trigger various protection relays installed in the distribution network, and it
operation will seriously affect Other appliances and equipment. Since the motor
the submersible pump is a sk water injection motor, its winding is made of
copper wire with an insulating layer. The thermal effect generated by the starti
current causes the motor stator winding to heat up too high, and the insulating laye
easily melted, resulting in a shoaeircuit of the pump drive motor winding, and
shortening the service life. engine. On the other hand, when starting directly, a la
amount of fluid enters the pipeline instantaneously, causing damage to the filter zc
and causing sand to enter the wdlherefore, when operating the installation of
submersible electric pumps for oil production, the following two problems need to |
solved:

~~ Overcurrent at startup, typically 3 to 5 times or more rated current.

~ Torque fluctuations at stauip.

To avoid direct production of the submersible pump unit, the company wi
add additional control units to the equipment.

This device is necessary for submersible motor control and protection and ¢
be divided into the fdébwing three categorid$]:

~~ Variable frequency asynchronous electric drive with frequency converter

"~ Variable frequency electric drive based on brushless motor circuit of higt

speed synchronous motor

138



- Asynchronous electric drive with sofitarter according to the scheme
“Thyristor Voltage Regulator Asynchronous Motor".

At present, the main control devices are frequency converters and thyris
soft starters. All of them can extend the start and stop process of the device
changing the perating voltage. The frequency converter is based on IGBTSs.
controls the power control device of the AC motor by changing the operatir
frequency of the motor. For equipment that needs to switch working mod
frequently, the frequency converter is maemvenient to use. Thyristor soft starters
are based on thyristors, a power control device that controls the AC motor
changing the operating voltage of the motor. Compared with frequency converters
has a simpler structure, which means that the abssking thyristor soft starters is
lower.

In oil production, once a submersible pump is successfully started, it runs
the same mode for a long time, which means that we do not need to control its sp

very often. In this case, a thyristor soft starsethe best choice.

2.1 Universal Soft Start Control Station from Russia

In Russia, Triol Corporation is engaged in the development and production
ESP control stations for oil production.

In 1999, the Triol Corporation designed and manufactured its first pumpin
unit control station in cooperation with the Reduktor phattte Triol01 SCS. It was
a metal cabinet with a degree of protection IP43 and with a-ibuwNariable
frequency drivewith a power of 5.5 to 37 kW. This station did not have a {ilt
controller. In 2001, the first fully functional control station Triol, AKO2, was
developed7].

They were distinguished by their low cost and met the basic requirements
oil companies usig submersible equipment. Unlike Triol AKO1, the Triol AKO2 soft
start control station had an advantage due to the implementation of a soft start of
electric motor. The Triol AKO2 control station provided shockless start of the electr

motor and extetted the service life of the submersible equipment.
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The Triol AKO2 control station, equipped with a soft starter, provies

~ Protect electric motors and other equipment from damage in an emerger

- Change the operating state of the ESP, as well @gvee and transmit
information about the state of the device over the network

~~ measurement and indication of the main parameters of the ESP elect

motor (current, voltage, frequency)
protection of the ESP electric motor against current underload and,

accordance with the ampesecond characteristic of current overload, unacceptabl
deviation of the mains voltage, followed by a programmable automatic restart af
the end of the aatent

" indication and recording in the log of the reasons for the emergency stop
the ESP, etc.

Control stations are equipped with a universal microprocessor controller f
automation equipment UMKMA1, an exclusive development of Triol Corporation.

The UMKA-01 controller is a functional microprocessor device that
automates the operation of the ESP. In the event of an emergency, the controller
perform a certain degree of ppeocessing (for example, speed reduction or
emergency shutdown) and infotthre operator about it. the console sends informatior

about the error status of the ESP.
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Figure 2 - Triol 02 control station

The UMKA-01 controller can be used at three levels of automated proce

control systems:

- At the lower network level, on thene hand, it is used to collect and
transmit technical information (such as the status of various sensors)
upperlevel devices, and on the other hand, it can also receive contr
signals from highelevel devices and issue action commands to the
correspnding actuators. mechanisms.

- The middle level, as the administrator of the lower local information an
control network, organizes network users to jointly perform commot
technical tasks.

- As the administrator of the middlevel device cluster at the topvel, it

provides information and scheduling functions.
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Figure3. - Controller series UMKA

2.2. Advantages and disadvantages of traditionadtep-down start

The traditional undervoltage start is to first reduce the voltage on the stat
winding and then restore the voltage to the nominal value after starting. th
decompression start may reduce the starting current, the starting torque will alsc
reduced at the same tirftg.

Thus, the decompression start method is usually only suitable for ligiat or
load conditions.There are many specific methods of traditional decompressio
launching. Here are the following three methods of undervoltage starting.

Start-up method with series resistance or stator reactance.The series
resistance or reactance of the stator winding is equivalent to the reduction of
applied voltage to the stator winding. From the equivalent circuit of the-piaese
induction motor, the starting current is proportional to the stator wingitgge, so
the series resistance or reactance of the stator winding can achieve the purpos
reducing the starting current. However, since the starting torque is proportional to
square of the stator winding voltage, the starting torque will bdadunteduced.
Therefore, this startup method is only suitable fofloaa or lightload startup. For

low-power induction motors, the series resistance of the stator winding is usua
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used to reduce the voltage, but for hgbwer induction motors, consideg that the

series resistance will cause a large amount of copper consumption, the se

resistance of the stator winding is used to reduce the voltage.

A

Figure4. - Schematic diagram of the starting method of stator series resistance o
reactance.

The starting method, the principle of which is based on switching the
motor stator windings from star to delta. This starting method is that when the
motor starts, the stator windings are connected in a star shape. When the spec
close to theated speed, the windings are switched to a delta connection to make
motor run normally Although the principle of delta starting is simple, the six output
ends of the stator winding of the motor must be drawn out, and the actual operatio
difficult. After the stator winding is statonnected, the phase voltage of each phas
winding is 1XV3 of the delta connection (full voltage), so the starting torque durin
stardelta starting are 1/3 of the rated voltage when starihog. to the low starting
torque, this method is only suitable for light load starting.

Starters based on this principle are inexpensive, but their effectiveness
limited. The most notable limitations are as follows:

It is impossible to control the change in the starting current and torque
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the motor;
~ When switching windings from star to delta, high current and torquis
valuescan occur, which can lead to overload and damage to the equipment.

~ High valuesof curent and torque are due to the fact that during switching
the motor EMF may be out of phase with the supply voltage, so there may be a mc

current and torque that significantly exceed their valiesn starting.

ealyenas) KMz

..... L. \EFR

Figureb. - Schematic diagram ahe starting method, the principle of operation of
which is based on switching the motor stator winding from star to. delta
Starting method with autotransformer. This starting method is when the motor
starts, the power is reduced through #wtotransformer and then connected to the

motor. Then connect directly to the rated power supply at the appropriate time.
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Figure6. - Schematic diagram of autotransformer startup method

If the transformation ratio of the autotransformer is K, compared with th
direct start, when using the autotransformer to start, the starting torque are reduce
pX0 of the direct start.

The starting method of the autotransformer is not limitecthi® motor
winding connection (star connection or delta connection), and the allowable starti
current and required starting torque can be selected by changing the tap, but
equipment cost is high.

Compared to stadelta switches, autotransformer stestbave some control
over motor current and torque. However, during this startup, voltage is gradua
applied to the motor windings.

Disadvantages of autotransformer starting to include:

- High transient torque and motor current values due to sudden changes

stator terminal voltage.

- A limited number of output voltage switching steps does not allow t

provide the required voltage variation at the stator terminals.

- High cost of equipment required for use under conditions of frequent ar

prolonged activation.
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- Inability to provide efficient starting at low supply voltages and working

machines with changing starting torque requirements.

2.3. The principle and starting method of thyristor starter

The thyristor soft starter has only been around for 30 yeard, isuhe result
of tremendous advances in modern power electronics technology. More than 10 ye
ago, an electrical engineer predicted that thyristor&aft would revolutionize the
soft-start industryf9].

At present, under low voltage (380V), thace of thyristor soft starters has
dropped by about 2 times or even lower than that of liquid soft starters. Its mze
performance is better than fluid resistance soft start. Compared with liquid resistal
soft starters, its small size, compact structuosv maintenance cost, complete
functions, rich menus, good starting repeatability, and comprehensive protection
unmatched by liquid resistance soft starters.

But thyristor soft starters also have disadvantages. First, the price of hig
voltage produts is too high, which is-80 times higher than that of liquid resistance
products used in soft starters; second, the-bigler harmonics caused by thyristors

are more serious.

CS1

380V 1 » Motor
50hz VS1
ES 174
# O
VS2 CS2 oG
~ 4 P
1A
R I S N——
TUUL | Control
} Pulse generator = Station
—————— 1
380V | t |
50hz He ; l
— 4| Power e Microprocessor — LLLLD :
— ooo ||
| t ooo |
og o
I oo o ||
:~ I/O ports |
Control Panell
N t .

Figure7. - Functional diagram of a thyristor starter
The change involtage is achieved by adjusting the opening angle of the
thyristor connected between the power supply and motor terminals.
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Current sensor€S1 andCS2 can be used to determine the starting curren
and protect against overload asttbrtcircuit currents.

Voltage sensor¥S1 andVS2 can be used to prevent the voltage from being
too high or falling below the allowable value, and to regulate the voltage at the sta
terminals of asynchronous motors.

The microcontroller is the main pgaof the soft start and stop device. It can
iIssue commands to operate thyristors, continue to close or open relays in the sys
protect and monitor the normal operating state of thyristors and motors. Aft
receiving the turron command, the pulse gentrasends a trigger pulse to the
thyristor at a relative time relati ve

The function of soft starter is mainly to realize soft start and soft stop, and s
stop is equivalent to the reverse process of soft sténe threephase
inductionmotor thyristor soft starter has a variety of starting methods to me
different starting requirements.

The details are as follows:

Soft-start method with current limit. In this soft start method, the device
will limit the starting current of the motor so that it does not exceed a certain <
value Im during the motor starting process. The startup waveform is shown in Figt
5. It is mainly used for step start at lighatbstart, and its output voltage rises rapidly
from zero until its output current reaches the set current limit Im, and then gradus
increases the voltage while keeping the output current no higher than this value
rated voltage. The advantage of tkigrting method is that the starting current is
small, and the starting current limit Im can be adjusted as needed.

The disadvantage is that the pressure drop at startup is difficult to determil
the pressure drop space cannot be fully utilized, thérggatorque is lost, and the

starting time is long. This method is widely used for fans and pumps.

147



Figure8. - Soft-start transient process with limited startup current

Soft-start method with voltage ramp. The output voltage changes linearly
from small to large and increases linearly, changing the traditional stepping start
stepless start, which is mainly used for heavy load start. The disadvantage is that
starting torque is small, the torque characteristic rises parabolically, which is r
conducive to starting, and the starting time is long, which is unfavorable to the mot
An improved method is to use dual ramp start, the output voltage first rises rapidly
U: (U,, the voltage value corresponding to the minimum torque required tdhrstart
motor), and then gradually increases the voltage according to a predetermined s
until it reaches the rated voltage. We can adjust the initial voltage and voltage r
rate according to the load characteristics. During the acceleration ramp, titve mc
voltage is gradually increased, and the acceleration ramp time can be adjusted wi
a certain time range. Acceleration ramp times are typically between 2 and 60 secoil
The characteristic of this starting method is that the starting current iselgiddrge,
but the starting time is relatively short, which is suitable for starting the motor wit
heavy load.

148



Figure9. - Soft-start transient process with Voltage Ramp
Soft start method with torque control. This soft start method is mainly used
for heavy load start, as shown in Figdfe It controls the output voltage according to
the linear increase of the motor starting torque. Its advantages are soft start, g
flexibility, useful for braking system, arat the same time reduce the impact on the
power system, it is the best starting method for heavy loads. The disadvantage is
longer startup time.

FigurelO. - Soft-start transient procesdth Torque Control
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