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STUDY OF THE MODES OF RE-ENABLE
THE ASYNCHRONOUS ELECTRIC DRIVE
OF A CENTRIFUGAL PUMP

A. Boiiko, B. IInic, C. 3abpoyvkuii, €. Coxonos. JlochaigxKeHHs1 peXHMIiB INOBTOPHOTO BBIMKHEHHSI ACHHXPOHHOIO
€JIEKTPONPHBOJA BiALLEHTPOBOr0 Hacoca. BHUKOHAHO NOCHI/UKCHHS AMHAMIYHHX PEXHMIB MOBTOPHOIO BBIMKHEHHS ACHHXPOHHOTO
JIBUTYHA BiJLICHTPOBOIO HACOCY JUIS 33JlaHOI CXEMHM eJeKTporocTayaHHs. JlOCIHiKeHHs TPOBOAMIIMCSA B yMOBaX ITOCTaBJICHHX TEXHIYHUX
BUMOI Ta HASBHOCTI TEXHIYHUX NAHUX EJIEMEHTIB CHUCTEMH eIEeKTPOIIOCTAUaHHs, eJICKTPOIPHBOAY Ta MeEXaHi3My. 3acTOCOBYBaIHCS
aBTOPCHKI MaTeMaTHUYHI MOJEJ aCMHXPOHHUX JBUTYHIB Ha 0a3i y3araJbHEHOI MAlllMHHU, IO ONUCYEThCA y TpUDasHiil HepyxoMmill cuctemi
KOOpIMHAT 3 ypaxyBaHHSAM HEIHIHHOCTEH ABMIyHa — BTpaT y cTaii, e(eKTiB BUTICHEHHS CTPyMy pOTOpa Ta HACHYEHHS IO LUIAXaxX
PO3CitOBaHHS Ta FOJIOBHOT'O MAarHiTHOTO MOTOKY. JlaHO OLIHKY SIKICHMX Ta KUIPKICHUX MOKA3HMKIB MEPEXiAHUX MPOILECIB ENEKTPOIPHBOLY —
CTpYMIB, HAmpyr, MOMEHTIB JBUTYHA. AHAaJi30BaHO [MHAMIKy Hamnpyr i cTpyMmiB y ¢a3zax aBuryHa. PO3IIISSHYTO BIUIMB HEHYJIbOBHX
MOYATKOBUX €JIEKTPOMArHiTHUX YMOB Ha XapakTep MepeximHuX nporiecis. [Ioka3aHo, 110 HmepeHanpyrH, siKi BUHUKAIOTh IIPU TIOBTOPHOMY
BKJIIOUCHHI JIBUTYHIB, Y KOJIi 3 TIyXOIIJKIFOYEHUMH KOHAECHCATOpaMH, HECTIPUSATIMBO MO3HAYAIOTHCS HA AII0YOMY €JIEeKTpOOOJIaJHAHHI.
HaBoauTbest BUpileHHS TPOOIEeMHU — HEOOXITHICTh BIPOBADKEHHS PO3ALIBHOT KOMYTallii JBUI'YHA Ta CEKIi KOHJEHCATOPIB, 3aCTOCYBaHHS
TUPHCTOPHUX HPHUCTPOIB I 3a0€3NEeUEHHs CIPUSATIMBHX YMOB BBIMKHEHHS, IO JO3BOJISIE 3HM3HMTH HANPYTW Ta CTPYMH, MiHIMi3yBaTH
MiKOB1 3HAYEHHS MOMEHTIB 1 3a0e31meunTH cTabiibHy poOOTY CHCTEMH, a TAKOXX BKAa3aHO Ha MEpPEBaru BUKOPUCTAHHS KEPOBAHUX ITyCKOBHX
[PHCTPOIB, SKi JO3BOJISIOTH JOCSAITH CHPUATIHBIX YMOB KOMYTallil ABUTYHIB SIK IIPH MyCKY, TaK i IPH ITIOBTOPHUX yBIMKHEHHSIX.

Kniouosi cnoea: acMHXpOHHWH IBUT'YH, KOMIIGHCAUiffHMII KOHAEHCATOp, BiJLUEHTPOBHMII HAcOC, MEPEeXiJHi IpOIeCH, NOBTOPHE
BBIMKHCHHS

A. Boiko, V. Plis, S. Zabrotskyi, Y. Sokolov. Study of the modes of re-enable the asynchronous electric drive of a centrifugal
pump. A study of the dynamic modes of re-enable an induction motor of a centrifugal pump for a given power supply scheme has been
carried out. The studies were conducted under the conditions of the specified technical requirements and the availability of technical data on
the elements of the power supply system, electric drive and mechanism. The author's mathematical models of induction motors were used
based on a generalized machine described in a three-phase fixed coordinate system taking into account the nonlinearities of the motor — iron
losses, rotor current displacement effects and saturation along leakage paths and the main magnetic flux. An assessment is given of the
qualitative and quantitative indicators of transient processes of the electric drive — currents, voltages, motor torques. The dynamics of
voltages and currents in the phases of the engine are analyzed. The influence of non-zero initial electromagnetic conditions on the nature of
transient processes is considered. It has been shown that overvoltage that occur when motors are switched on again in a circuit with
permanently connected capacitors have an adverse effect on the operating electrical equipment. A solution to the problem is provided — the
need to implement separate switching of the motor and capacitor sections, the use of thyristor devices to ensure favorable switching
conditions, which allows reducing voltages and currents, minimizing peak torque values and ensuring stable operation of the system and also
points out the advantages of using controlled starting devices.

Keywords: induction motor, compensating capacitor, centrifugal pump, transient processes, re-enable

Introduction

A centrifugal pump is a type of dynamic vane pump in which the liquid is moved continuously
due to the interaction of its flow with the rotating rotor blades and the fixed casing blades. The liquid
is transferred under the action of centrifugal force, while the movement occurs in the radial direction,
perpendicular to the axis of rotation of the rotor. Centrifugal pumps are widely used in industry and
utilities, including municipal water supply systems. In most cases, they are driven by AC motors. For
capacities from 1 MW and above, high-voltage synchronous motors are used, and for smaller capaci-
ties, three-phase squirrel-cage motors operating at 220/380 V are used. In the simplest control systems,
where there is no frequency regulation, the induction motor (IM) is started by direct connection to the
mains, and the water pressure and flow are controlled using a throttle valve.
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Literature review and problem statement

When powered from the mains, the AD inevitably consumes reactive power, regardless of the
shaft load [1]. To reduce the load on the grid, reactive current compensation is used with capacitor
banks. There are various connection schemes and switching algorithms for capacitors and motors [2].
One of the options involves hardwiring capacitors to the motor stator winding. In this case, the motor
and capacitors are switched on and off simultaneously by one switching device. However, this scheme
has a number of significant drawbacks [3]:

1. Capacitor charging currents during motor startup. If the capacitors are discharged, significant
capacitor charging currents occur when the motor is connected to the network, which increases the
load on the switchgear. This, in addition to the standard motor starting currents, can lead to overload-
ing of the device and even emergency situations, including welding of contacts [4];

2. Self-excitation mode when the motor is disconnected. After disconnecting from the mains, the
AD and capacitors can enter the self-excitation mode, which causes an increase in the voltage on the
stator windings and the occurrence of a braking torque on the motor shaft. This can damage the pump
and piping [5];

3. Simultaneous transients during startup. When the system is turned on, two transients occur:
charging of the capacitors and electromagnetic transients of the motor start-up. In the case of powerful
pumps and limited power supply network capacity, complex electrodynamic interactions between the
network, capacitors, and motor are possible, which can lead to unpredictable effects [6].

To eliminate these disadvantages, a scheme with capacitors that are blindly connected to the net-
work can be used. [7]. In this configuration, motor disconnection or switching on is not accompanied
by a charging current of the capacitors or self-excitation. However, in this case, a new disadvantage is
possible — overcompensation when the motor is turned off [8]. To avoid this, a separate device should
be provided to switch the capacitors [9].

Purpose and objectives of the study

The aim of this work is to study the dynamic modes of re-enabling an asynchronous short-
circuited electric drive of a centrifugal pump.

You need to solve problems:

—study of dynamic modes of re-activation of an asynchronous electric drive of a centrifugal
pump;

— evaluation of the drive transient parameters, such as currents, voltages, and motor torques.

Materials and methods of research, parameters of the devices under study

The research was carried out under the conditions of the set technical requirements and the avail-
ability of technical data on the elements of the power supply system, electric drive, and mechanism.
We used the author's mathematical models of induction motors based on a generalized machine de-
scribed in the three-phase fixed coordinate system A, B, C [10]. The influence of the power supply
network was taken into account by introducing pre-connected active-inductive resistances into the
models. The modelling results were confirmed by experiments at the operating pumping unit KHC6-b
(pumping unit No. 6) of the Infoksvodokanal branch of Infoks LLC, Odesa.

The mechanical characteristics of the centrifugal pump are typical, of a “fan” nature. The pump
motor is ANP355S4, 250 kW, 1500 rpm, 380/220 V. The rated power of the pump corresponds to the
rated power of the motor. The moment of inertia of the pump is 20% of the moment of inertia of the
drive motor.

Mechanical characteristic of the pump in relative units during operation with the main valve
open [11]:

2
M, =0.05+ 0.95(3J . 1)
(0”
The same when working on a closed throttle:
o 2
M, =0.05+0.20£—j . 2
(J‘)n

The capacitors are selected from the condition of full compensation of the reactive component of
the current used by the AD. It is necessary to fulfil the equality [5]:
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Xg =X, + X, 3

where: X and X are the reactive impedances of the AD replacement circuit, Ohm.
Where can the capacitance of the starting capacitor be found:

1
C=m(xo+xl)- (4)

For the given parameters of the AIP355S4 motor, when the capacitors are connected in a star
pattern, the capacitance of the capacitor will be Cy=1345 pF, when connected in a triangle,
Ca =448 pF. The capacitors are represented in the models as ideal, lossless. The existing power supply
system connects a transformer substation (TS), a capacitor installation in a distribution point (DP), and
a drive induction motor (IM) of a centrifugal pump (P), Fig. 1.

v - ; :
. . 1cabl . . 2cabl .
: cable : ~ L cable :
Z SIE L
. TM 630110 . . . .
TS DP IM, P

Fig. 1. Diagram of the power supply system for the pump motor

The cross-section of the cables ensures the transmission of the full power of the TM-630/10
transformer to the switchgear, and from the switchgear to the AD. The cable line AVBbShv-1 (3x150)
is 200 m long between the transformer substation and the distribution center, and 50 m long between
the distribution center and the pump motor. The cables are laid in the ground. The resistance of the
conductors approaching the capacitor bank is not taken into account due to its direct location in the
switchgear. The equivalent active resistance of the network is determined mainly by the parameters of
the cable lines, and the equivalent reactive resistance is determined by the inductive resistance of the
transformer or motor. This should be taken into account when analyzing options using a transformer of
a different capacity or cable lines of other cross-sections and lengths [12].

These studies are a continuation of the solution of the complex problem of studying the operating
modes of an induction electric drive of a centrifugal pump. The study of the modes of starting and
disconnecting from the AD network is discussed in detail in [11].

Research results

The article considers the process of disconnecting the motor from the mains, running for some
time and then restarting it. Such processes occur when switching from manual to automatic control
modes, automatic reclosing on the high voltage side, human error, and possibly other cases. At the
same time, the drive behaves ambiguously. In some cases, the connection to the mains is normal,
while in others it causes unforeseen current surges and tripping of the emergency protection. For a
clearer picture, we first consider the processes without capacitors, and then evaluate the impact of
blindly connected capacitors [13].

Disconnecting the induction motor from the mains

The presence of a short-circuited winding or a squirrel cage on the rotor of the motor leads to the
fact that after disconnection from the mains, the rotor current dies down for some time (in powerful
motors, tenths of a second or even seconds). There is a damped EMF at the motor stator terminals,
which is the cause of the self-excitation mode and voltage increase on the windings if capacitors of
appropriate capacity are connected to them. After a pause, the motor can be reconnected to the mains
and the electromagnetic parameters of the motor at the time of switching on are very important. If the
pause was long and all processes have been extinguished (currents and voltages are zero), then the
reconnection process is unambiguous and corresponds to normal conditions. In this case, we should
talk about the presence of zero initial electromagnetic conditions (zero EMC). If during the pause the
processes in the motor did not stop (hon-zero EMC), then the new switching on proceeds ambiguous-

EHEPTETUKA



ISSN 2076-2429 (print)
ISSN 2223-3814 (online)

Proceedings of Odessa Polytechnic University, Issue 1(71), 2025 59

ly, possibly under favorable and unfavorable conditions [11]. The explanation can be seen in Fig. 2a,
which shows the phase voltage of the mains Uy, the stator winding EMF Es, and the voltage at the
magnetic starter contact Uy after the motor is disconnected. In the steady-state mode, before tripping,
the EMF is practically in the opposite phase with the mains voltage, and therefore, immediately after
tripping, the voltage at the contact is small in magnitude. Further, the vectors Upn and Erbehave differ-
ently. The mains voltage vector rotates with a constant frequency of 50 Hz and is constant in ampli-
tude. The EMF vector rotates at a rotor frequency lower than the mains frequency and decreases in
amplitude. The summation of two voltages of different frequencies gives a well-known picture of the
voltage fluctuation observed in the graph Ux. Here we can see nodes (voltage minimums) and voids
(voltage maximums). Nodes correspond to cases when the vectors are out of phase, and voids corre-
spond to cases when they are in phase. The greater the difference in the frequencies of the analyzed
vectors, the more frequently nodes and voids alternate [5]. Working on an open gate causes a signifi-
cant slowdown of the drive and a decrease in the frequency Egpn, S0 the frequency of repetition of knots
and voids increases. In the limit, after the EMF vector has died out or the motor stops, this EMF ceases
to affect and the voltage at the contact becomes equal to the mains voltage. In another case, for exam-
ple, when the motor is disconnected from the idle state, when the slip is 0.999, the frequencies Uyn and
E: differ little, the motor speed does not change, and the period of occurrence of voids and nodes in-
creases significantly, Fig. 2b. In this case, in 1 s after the disconnection, the EMF manages to attenuate
almost twice, and the moment of void has not yet occurred.
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Fig. 2. Transient plots of the AD shutdown and its operation: a — on open valve; b — at idle.
Scale: 500 V/div; wo/div

Reconnect the induction motor to the mains

In all cases where the voltage and EMF vectors are directed in opposite directions, the total volt-
age in the phase and line circuits will be minimal and, accordingly, the reconnection process will be
milder [14]. Such reconnection conditions can be called favorable, and they correspond to the nodes in
the Uy pattern. In this case, if the pause during reclosing is minimal, for example, 0.01 s or equal to
0.18 s, reclosing will be favorable. If the mains voltage and motor emf vectors are aligned, the total
voltage in the circuits will be higher (higher than the mains voltage if the emf has not faded) and the
restart will occur under harsh, unfavorable conditions. These conditions correspond to pauses of 0.12
or 0.30 seconds before reclosing. Two possible variants of favorable and unfavorable conditions are
shown here. These conditions exist and alternate further until the EMF is completely extinguished.
However, due to a significant drop in motor speed, the frequency of their repetitions has increased so
much that it has become difficult to distinguish them visually. Figs. 3a, 3b show the transient diagrams
for the interval of current-free pause and restart. Despite the different pause durations, they all corre-
spond to favorable electromagnetic switch-on conditions. Fig. 3a, where the pause is minimal and
amounts to 0.01 s, may seem uninformative, but it proves that for such a short period of time at asyn-
chronous speed, the electromagnetic state of the motor has changed little and after re-enabling, the
steady-state mode occurs almost immediately without a transient process. With a pause of 0.18 s, Fig.
3b, the motor speed at the time of re-enabling significantly decreases and a transient process of accel-
eration to the rated speed begins, but it takes place under favorable conditions, the current amplitude
reaches 2.6 kA, and the torque throw does not exceed 2M,. In none of the cases of favorable switching
on, negative values of the transient torque and speed dips during re-energization are observed.
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Fig. 3. Transient plots of AD re-activation under favorable conditions and pause: a—0.01s; b —0.18s.
Scale: 500 V/div; 4.0 kA/div; 1My/div, wo/div

In Fig. 4a and Fig. 4b show the graphs of the pump motor restart under unfavorable conditions.
In both cases, negative torque peaks of up to —5M, are observed, which lead to additional speed dips
and current surges with an amplitude of up to 4000 A.
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Fig. 4. Transient plots of the AD re-activation process under unfavorable conditions and pause:
a-0.12s; b-0.30 s. Scale: 500 V/div; 4.0 kA/div; 5My/div, wo/div

Reconnect the capacitor bank to the mains

Similar to a motor, a capacitor bank may also have non-zero initial conditions at the time of re-
start. In this case, favorable switch-on conditions are observed when the voltage across the capacitor
and the grid are equal at the moment of switch-on. In this case, there are no free current components
and the steady-state mode immediately sets in [15]. The greater the difference between the voltage
across the capacitor and the grid at the time of reconnection, the greater the transient voltages and
currents. For illustration purposes, Fig. 5 and Fig. 6 show the graphs of reconnection at zero and at the
maximum line voltage at different initial capacitor voltages. Under favorable conditions (curve 3 in
Fig. 5 and curve 5 in Fig. 6), there are no transient currents and voltages. Under the most unfavorable
conditions, the transient current amplitude can reach 2.5 kA and the voltage amplitude up to 1.5 kV.

Unless special measures are taken to control the initial electromagnetic conditions, the occur-
rence of favorable or unfavorable conditions appears to be a random process, as they depend on many
factors, such as the rate of speed decline during a pause (open or closed valve, consistency of the
pumped liquid), voltage fluctuations, and network frequency. In addition, the occurrence of favorable
conditions for the pump motor and the condenser to restart may not coincide in time [16]. Therefore, it
is necessary to count on a combination of the most unfavorable conditions for both the motor and the
capacitor. In this case, the maximum expected current amplitude can be 6.5 kA, which is more than
1.5 times the motor starting currents. In some cases, the presence of a blindly connected capacitor can
further aggravate this process. For example, if for some reason during the pause period the motor en-
tered the self-excitation mode, the unfavorable conditions during the restart may be more severe than
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those considered for both the motor and the capacitor. In this case, this drive system can be considered
as one that can lead to severe fault conditions.
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Fig. 5. Transient diagrams of the two-phase switching  Fig. 6. Transient diagrams of the two-phase switching
of a 915 pF capacitor at zero line voltage and different  of a 915 uF capacitor to the maximum line voltage at

initial capacitor voltages: different initial capacitor voltages:
1 — Us on. = —Ulin. max; 1 — Uson = —Uiin. max; 2 — Uson= —0.5Uin. max;
2 — Us on. =—0.5Ujin. max; 3 — Uson() =0; 3 —Uson=0; 4 — Uson=0.5Uiin. max();
4 — Us on = 0.5Ulin. max; 5 — Us on = Ulin. max 5 — Us on = Ulin. max

Reconnect the motor and capacitor bank to the mains.

Conclusions

1. The presence of capacitors blindly connected to the motor has an adverse effect on electrical
equipment in all respects, contributing to an increase in accidents on lines, motors, and the capacitors
themselves. Other negative consequences are possible on the high voltage side of the power trans-
former: on the transformer itself, in the networks and in the equipment of neighboring consumers.

2. The main technical method recommended to prevent emergency modes of such an electric
drive is to separate the circuits and separate the motor and capacitor. However, even this does not
completely solve the problem, because even with separate switching, each switching of the capacitors
will cause overvoltages in the power line and all motors and consumers that are connected to it at
that moment.

3. The optimal and at the same time radical solution to the problem of failures is to switch the
pump motor and capacitor sections separately. The capacitors must be switched by a thyristor device,
which ensures only favorable conditions and eliminates transient currents.

4. Motor switching conditions, both at startup and during restarts, can also be significantly im-
proved by using controlled starters. However, this will cause a significant increase in the cost of the
system, since the capacities of the starters must match the capacities of the induction motors used.
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