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Abstract

In the oil and gas industry, continuous processes such as oil and gas refining play a great role and are
sensitive to many external factors. Such processes require special procedures for stopping and restarting.
In order to maintain a sustainable process, the entire system needs to be cleaned by removing of unreacted
components. Rejected raw materials are often dumped into a flare leading to tangible environmental problems
and significant economic disadvantages. Electrotechnical systems (ETS) play an important role in ensuring
continuous technological processes in oil and gas industry. Electric motors are one of the key elements of ETS.
The majority of the electrical machines used in industry today are Asynchronous motors (AM) — no less than
80 %. Ensuring their trouble-free operation is one of the key factors in the design, simulation, and analysis
of asynchronous motor relay protection systems, including unbalanced conditions of their operation. These
conditions can occur due to unbalanced AM connection circuits, supply voltage unbalance, or as any faults in
a machine itself. Operating a motor under these conditions will result in shorter motor life, reduced power,
wear and aging of the insulation. The study subject was an Asynchronous motor drive of a recycle compressor
of a gasoline hydrotreating unit at the fuel hydrotreating integrated unit at the Astrakhan Gas Refining
Plant (AGRP). The authors used Matlab simulations to study the facility and its protection systems/devices
operation. The method of symmetrical components was selected as the main theoretical method. The authors
developed a model of an asynchronous motor drive of a recycle compressor. This involved establishing a set of
relay protections (RP) and developing the models of the following protections: sequence filter (symmetrical
component filter) (SF), negative sequence (nps) O/C protection, and overload protection. It was demonstrated
that the specified relay protection complex fully protects the motor from unbalanced operation conditions.
The authors conducted a study of the protection complex operation under different supply voltage unbalances,
with different motor loads. They formed a conclusion about the performance of the developed protection
complex, and gave recommendations for its technical implementation in a business environment. The study
findings can be used as a basis for the development and testing of relay protection components of the entire
electrical system of the fuel hydrotreating unit at the Astrakhan Gas Refining Plant.
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JIaJKY TEXHOJIOTMYECKOro Ipollecca Heo6X0AMMbI OUMCTKA BCEI CUCTEMBI OT HEIIpOpearnpoBaBIIMX KOM-
TIOHEHTOB U UX yaaseHue. 3a6pakoBaHHOE ChIPhE 3aUaCTyI0 cOpachiBaeTCst Ha (haKesl, UTO BjieUeT 3a co00ii
OIIyTMMbI€ SKOJOTMUUECKIE ITPOO6IeMbl ¥ 3HAUUTETbHbI SKOHOMUYECKUI yiep6. BaskHyi0 posib B obeciie-
YeHMM HeIlpephIBHbIX TEXHOJIOTUYECKNX IPOIIeCCOB B He(Tera3oBoil MPOMBIIIVIEHHOCTY UTPAIOT 3JIEKTPO-
TexHuueckue cucteMsl (ITC), OHMM U3 KIIOUEBBIX 51€MEHTOB KOTOPBIX SIBJISIOTCSI 3M1€KTPOJABUTATENN.
Bonburyio yacTb, He MmeHee 80 %, UCIIOMb3yeMbIX CETO/IHSI B TPOMBIIIVIEHHOCTY 3JIEKTPUYECKUX MAIlH, CO-
CTaBJIAIOT aCMHXPOHHbIe nBuUraTesnu (All). BesaBapuitHas Ux paboTa SBISETCS OJHOI U3 KIIOUEBbIX 3a7ay,
yTo obecrneunBaeT aKTyaJIbHOCTh IIPOEKTUPOBAHMS, MOAEIMPOBAHMS M aHaIM3a JeiCTBUS CUCTEM peieii-
HBIX 3aIIUT aCMHXPOHHOTO JBUTATEJISI, BK/IIOUast HECMMMETPUUHbBIE PEKMMBI UX PAOOTHI. DTU PEKUMBI MO-
T'YT BO3HUKHYTb MPU HECMMMETPUUHBIX cXeMaXxX BKatoueHuss AJl, HeCMMMeTpUM NIUTAIONeTro HalpsoKeHMs,
a Takke B Pe3yJibTaTe KaKUX-11Mb0 HEMCIIPAaBHOCTEN B camMoil MariHe. PaboTa gBUTaTess B TAKUX YCIOBUSIX
MIpUBEAET K COKPAIIEHNI0 CPOKA €ro CIIYsKObI, CHVDKEHUIO MOIITHOCTY, M3HOCY U CTAPEHUIO U30IsUuu. B Ka-
YyecTBe UCCIeqyeMOoro 06beKTa BbIOpPAaH aCMHXPOHHBIN 3J€KTPONPUBOA, IMPKYISIIMOHHOTO KOMIIpeccopa
6/10Ka TUAPOOUMCTKM G€H3MHA B KOMOMHMPOBAHHOM YCTAHOBKE IMAPOOUYMCTKM TOIUIUB, PACIIOIOKEHHOTO
Ha AcTpaxaHCKOM rasorepepabarsiBaoiem 3aBoje (AITI3). [Iyist mcciiemoBanys paboThl M €0 3aIIUT aBTO-
PBI MCITOb30BaAIM MOIENIMPOBaHKe B IIporpaMme Matlab. B kauecTBe OCHOBHOTO T€OPETMUECKOTO METOIa
BBIODAH METOJ, CMMMETPUYHBIX COCTaBSIONIMX. ABTOPBI pa3paboTasim Mofelb aCMHXPOHHOTO 3J€KTPO-
TIPUBOJIA IUPKY/ISILIMOHHOTO KOMITpeccopa; copMupoBaam KOMIUIEKC peneitHbix 3amuT (P3) u paspabora-
JIY MO/ CJIeIYIOMIUX 3aIIUT: «GUIbTP CUMMETPUUHBIX cocTaBswmyux» (OPCC), MakcuMaibHast TOKOBas
3ammTa 06paTHOI TocaemoBaTenbHoCTH «MT3 I, o6,», 3alMTa OT Meperpysku. [IpofeMOHCTPUPOBAHO,
YTO YKa3aHHbIV KOMIIEKC peJieifHO 3allMThl TOTHOCTHIO 3alMIlaeT ABUTATe/b OT HECMMMETPUUHBIX pe-
SKMMOB paboThl. ABTOpaMy ObIJIO IIPOBEIEHO MCCAeM0BaHMe paboThl KOMIUIEKCA 3ALIUT IPU Pa3INUHBIX
HEeCMMMETPUSX MUTAIONIEr0 HATIPSIKEHWS, TIPU PA3JIMUHON 3arpy3Ke ABUTATENIS, CAEIaH BbIBOJ, O paboTo-
CIOCOOHOCTY pa3pabOTaHHON 3aIUThI, & TAK)Ke JaHbl PEKOMEHIAIMU 10 €r0 TEXHUUYECKOI peanusaiun
Ha MPOM3BOJCTBE. BhIMTONIHEHHAST paboTa MOXKET ObITh MOJIOXKEHA B OCHOBY Pa3pabOTKM U TECTUPOBAHUS
peJieliHO 3allUThl IEMEHTOB BCel 3/1eKTPOTeXHUYECKOM CUCTEeMbI YCTAHOBKY TMAPOOUYMCTKY TOTUIMB Ha
ActpaxaHnckom I'TI3.

KnioueBble cnoea

ACYMHXPOHHBI ABUTATENb, HECUMMETPUYHbIE PEXXUMbI PA6OThI, HECCUMMETPUSI TUTAIOIIET0 HATIPSKEHMS], pe-
JieiiHas 3alIUTa, CTPYKTYPHOE MOAEIMPOBaHKe, GUIbTP CUMMETPUUHBIX COCTABISIONINX, MAKCMMaJIbHAs TO-
KOBasI 3alll1Ta, 3alll1Ta OT neperpysku, Sepam1000+, Matlab, Simulink
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Dmitrieva V.V., Khammatov A.B. Simulation of protection against unbalanced high-voltage asynchronous drive
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Introduction. Statement of problem

In the oil and gas industry, continuous processes
such as oil and gas refining play a great role and are
sensitive to many external factors. Such processes
require special procedures for stopping and restarting.
In order to maintain a sustainable process, the entire
system needs to be cleaned by removing unreacted
components. The rejected raw materials are often
dumped into a flare leading to tangible environmental
problems and significant economic disadvantages.
Electrotechnical systems (ETS) play an important
role in ensuring continuous technological processes
in oil and gas industry. Electric motors are one of the
key elements of ETSs. The majority of the electrical
machines used in industry today are Asynchronous
motors (AM) — no less than 80 %. Ensuring their
trouble-free operation is one of the key factors in
the design, simulation, and analysis of asynchronous
motor relay protection systems, including unbalanced
conditions of their operation.

This paper discusses the design and simulation
of a number of relay protections against unbalanced
conditions of operation of an asynchronous motor [1].

The causes of such conditions can be both external,
such as unbalance in the voltage supplied to the
motor [2], and defects in the machine itself. If
unbalance occurs due to imperfections in the rotor
circuit of the motor, the torque is the sum of the
torques of the positive-phase-sequence M, and
negative-phase-sequence M,:

M(s)=M, +M,, (1)

and this dependence curve will have a dip at torque
creep s ~ 0.5. Since a negative-phase-sequence field is
stationary with respect to the stator, it does not create
currents in the stator. Therefore, the torque due to this
field will be zero. If 0 < s < 0.5. The magnetic field will
rotate relative to the stator in the negative direction,
and the torque M, will act on the rotor in the direction
of rotation. If 0.5 < s < 1, the field rotates relative to
the stator in the positive direction, and the torque M,
created by this field will act on the rotor against the
direction of rotation. If there is significant resistance
unbalance in the secondary circuit, the motor will not
reach normal R.p.m. This effect is maximal when one
rotor phase fails.
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Fig. 1. Basic process flow diagram of gasoline fraction hydrotreating unit

If the cause of unbalanced AM operation condi-
tions is the unbalance of voltages supplied to the sta-
tor winding (U, # Uy, # U,), the phase voltages will
not be equal to each other (U, # U, # U,). The influence
of unbalance [3] on the operation of an asynchronous
motor is investigated by the method of symmetrical
components. In the case of an unbalanced power sup-
ply, the maximum M, and starting M, torques of
the motor are reduced and the torque creep increases,
while the loading torque remains unchanged due to the
influence of the negative-phase-sequence. In addition,
when the motor is supplied with unbalanced voltage,
its efficiency decreases, the losses increase, and conse-
quently motor heating also increases. This can affect
the life of the winding insulation. For example, with
a voltage unbalance of 2 %, the service life of a motor
is reduced by 10 % due to additional losses of active
power. For this reason, if there is a strong voltage un-
balance, the motor power has to be reduced. Thus, the
work of an asynchronous motor at unbalanced supply
voltage is undesirable, and the study of asynchronous
motor protection systems is an urgent task.

Currently, in Russia, the quality indicators of
electrical energy according to the national technical
standard GOST 32144-2013 are standardized in terms
of the negative-phase-sequence voltage unbalance
factor K,;;and zero-phase-sequence voltage unbalance
factor K, The maximum permissible values for these
quality indicators are 2% and 4% respectively, which
are averaged in the time interval of 10 minutes for 95%
and 100% of the time for a week!.

1

GOST 32144-2013. Quality standards of electrical
energy in power supply systems of general purpose. Moscow:
Standards Publishers; 2014. 15 p.

Description of the research subject

The study subject was an asynchronous motor
drive of a recycle compressor of a gasoline hydro-
treating unit of the fuel hydrotreating integrated
unit at the Astrakhan Gas Refining Plant (AGRP). It
is a more rational choice to study unbalanced motor
operation conditions on powerful motors, as the ef-
fect of unbalance in this case will be better expressed.

The hydrotreating unit is designed for hydro-
treating of 2 million tons/year of straight-run broad
gasoline fraction NK-180°C (with possible weighting
of the boiling point to 230°C) produced from Astra-
khan gas condensate, broad fraction of light hydro-
carbons, and distillate gasoline from a diesel hydro-
treating unit. The working hours of the hydrotreating
unit are 8000 hours per year. The operating regime of
the unit is continuous. The process flow sheet of the
gasoline hydrotreating is shown in Fig. 1. The process
flow sheet of the gasoline hydrotreating unit includes:

- hydrotreating of raw feedstock with alumina-
cobalt-molybdenum catalyst;

- cold separation of the gas-feedstock mixture;

— hydrotreated feed stabilization;

— gas-air regeneration of the catalyst;

— purification of hydrogen-containing gas and
hydrocarbon gas with diethanolamine;

— corrosion inhibitor protection.

Fig. 1 shows the main unit components: a reactor,
column-stabilizers, mechanical filters, pumps, heat
exchangers, separators, and storage tanks (E-306). The
direction of movement of NK-180 gasoline fraction is
indicated by arrows. The facility under study is a re-
cycle compressor, which pressurizes hydrogen-con-
taining gas to produce a gas-feedstock mixture, which
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then goes through various process cycles: heating, hy-
drogenation, stabilization, cooling, and the resulting
hydrogenate is taken out of the unit.

Control of the technological processes of the
gasoline hydrotreating unit and the facilities of the
gasoline hydrotreating unit with a pumping sta-
tion is managed from an automated control system
(APCS) from a single workplace of a process control
operator. The APCS is a hierarchical multifunctional
commercial design-composable software and hard-
ware complex based on microprocessor hardware
with modular architecture [4]. The system provides
on-line monitoring and control of all process op-
erations of the unit, collection, accumulation, pro-
cessing and displaying of information on the tech-
nological process, stabilization of key parameters,
alarming of equipment operation and valve posi-
tions, blocking and protection of the unit from emer-
gency situations, emergency alarms, and equipment
fault detection.

The power supply system of the gasoline hy-
drotreating unit includes a distribution point. The
scheme is shown in Fig. 2:

— TsK-1, TsK-2 are VSG 2GC2-47/35-44M UHL4 re-
cycle compressors (complete with 1000/TF/LB/D00908
dry gas seals control panel). Asynchronous electric
motors 4 AZMP-2000/6000 UHL4 (U,,.,=6000 V;
P_..=2000 kW; n = 3000 rpm; explosion protection
IExdIIBT4) are installed as drives;

- N-1/1,N-1/2,N-1/3 — 1NPS-E200/700 centrifu-
gal vertical split casing oil pumps (with flat body con-
nector). IBAO-560S-4Y2,5-T asynchronous motors
are installed as drives. The product to be refined is a

Input No. 1. From GPP-3,
Distribution Substation-6 kV,
Section III, Cell No. 7

I busbars 6 kV

TsK-1, UK-1, N-1/1, N-1/3,
2000 kW 450kVAr 500kW 500 kW
1T
1600 kVAr
6/0.4 kW

TSZL-1600/6/0.4

KTPSP-202
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gasoline fraction. These pumps are used to feed gaso-
line fraction to the hydrotreating unit;

-UK-1 1is capacitor unit (U,,,=6000 V;
Q =450 kVAr (reactive kilovolt-ampere)) included in
the scheme for compensation of reactive power, re-
leased on the electric motors TsK-1 (TsK-2);

— 1T, 2T are double-winding three-phase power
transformers TSZL-1600/6/0.4 for powering trans-

former substation low-voltage load.

Research techniques

In order to study the operation of an asynchro-
nous motor under unbalanced conditions, we used
mathematical simulation. Matlab software package
was used [5, 6] as a simulation program. We traditio-
nally used the method of symmetrical components [7]
in compiling the mathematical model of an AM.

The most suitable way of protecting electric mo-
tors is the development of protection equipment [8].
The complexity of its design, cost-effectiveness, accu-
racy of operation, and reliability are considered when
evaluating the equipment. In order to avoid techno-
logical losses associated with asynchronous motor un-
balanced operation conditions, a range of protection
methods are applied [9, 10]. Since abnormal operation
conditions will affect not just the motor, but also the
protection itself, the protection equipment must have
a high level of reliability [10, 11]. The methods of pro-
tection of electric motors from damage at unbalanced
conditions of operation can be divided into preventive
and technical. This requires the development and im-
plementation of up-to-date protective means made
on a microprocessor base [12, 13].

Input No. 2. From GPP-3,
Distribution Substation-6 kV,
Section IV, Cell No. 21

II busbars 6 kV
N-1/2, UK-1, TsK-1,
500 kW 450 kVAr 2000 kW

ZT@

1600 kVAr
6/0.4 kW
TSZL-1600/6/0.4

Fig. 2. Power supply diagram for gasoline hydrotreating unit
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Devices of indirect type, tripping when stator
windings temperature exceeds a preset level (devic-
es of built-in temperature protection, phase-sensi-
tive protection) and those of direct action, reacting
to occurrence of negative- or zero-phase-sequence
of voltage or current can be used to protect electric
motors from unbalanced and single-phase condi-
tions [14, 15].

Because these protections correspond not to
the unbalance itself, but to its consequences, their
operation is characterized by a large error of trip-
ping, low reliability and response speed. Other dis-
advantages of these protections are complicated cir-
cuits, large mass and dimensions, and a high cost. In
this regard, direct action devices are more promis-
ing, namely, special protection devices based on se-
quence filters.

Devices for AM protection against supply volt-
age unbalance can be based on zero and negative
sequence filters and react to current or voltage un-
balances.

Let us consider the advantages and disadvantages
of relay protection based on current relays. Current
protections with negative and zero sequence filters
respond to all unbalanced conditions. These devices
monitor the current as it flows through the stator
phase circuits. Tripping of protections based on them
does not depend on the point of connection. However,
the use of current transformers decreases the
protection reliability, increases power consumption
and mass and dimensions of the devices. In addition,
due to transformer core saturation, the protection has
insufficient tripping accuracy [16]. Biased protections
are used to increase the sensitivity of current filter
protections.

If a protection is implemented on a voltage relay,
it should be borne in mind that voltage relays do not
have versatility, because they detect only one failure.
The most suitable type of AM protection is the use
of so-called voltage monitors which monitor several
types of accidents (failures). Such monitors are
bases on microprocessor devices. They are versatile,
highly reliable, simple, inexpensive, and ensure
timely shutdown of an electric motor in the event of
unbalanced and single-phase conditions [12, 17].

At present, series 80 Sepam 1000+ microproces-
sor protection is being implemented at the facility in
question, in order to ensure the protection of electri-
cal equipment.

Let us consider the capabilities of Sepam 1000+
in the area of unbalanced power supply protection.
In order to protect an asynchronous motor from
overloads caused by unbalanced line voltage, a pos-
itive-phase-sequence minimum voltage protection

elSSN 2500-0632

https:/mst.misis.ru/

Dmitrieva V. V., Khammatov A. B. Simulation of protection against unbalanced high-voltage asynchronous drive...

U® is used. This protection trips when the compo-
nent UY of a three-phase voltage system falls below
the design tripping set-point of the protection U, ,,.
Protection against phase imbalance is implemented
by measuring U®. The time delay of both protections
is independent.

Sepam 1000+ for implementing these protec-
tions operates on line or phase voltage and allows
tuning out based on negative-phase-sequence volt-
age unbalance factor [14]

Negative-phase-sequence voltage unbalance factor
and time delay set-points are set, in order to pro-
vide the protection against unbalance: K,, = 20 %
and t = 10 s. Current protections which identify
unbalanced operation conditions include negative
sequence overcurrent (O/C) protection, overload
protection, and thermal protection. Negative se-
quence overcurrent protection produces a value of
unbalance factor based on the negative-phase-se-
quence current. The protection has a dependent and
independent time delay. Overload protection and
thermal protection are designed to protect a motor
against the overloads caused by unbalanced loads
in operating conditions or abnormal grid regimes.
They also detect the consequences of unbalance
rather than unbalance itself, and are therefore less
accurate.

The range of set-points of these protections is shown
in Table 12.

Table 1
Range of set-points
of Series 80 Sepam 1000+ protections
. . Setting Time delay

Protection function range range, s
Protection against unbalanced P _
supply voltage Ky,;=0+50%| 0.05-300
Negative sequence O/C _ _
protection with independent At 22.3-1130A 0.1-500
Negative sequence O/C _ _
protection with dependent At 22.3-1130 A 0.1-1
Overload protection with 1-6250 A 0.05-300
independent At
Overload protection with 0.1-12.5
dependent At 1-6250A | £/ 9960 A
Thermal protection 60-200°C 1-600 min

2 Sepam 1000+ (Series 80) Installation and Application
Manual.
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Development of an asynchronous motor model
and models of devices for relay protection against
unbalanced operation conditions
in Matlab Simulink

We will use the Asynchronous Machine block in
the Matlab Simulink software package [18] to simu-
late an AM. 4AZM-2000/6000 UHL4 motor nameplate
data are given in Table 2.

elSSN 2500-0632
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Based on the motor nameplate data, let us cal-
culate the values of the motor model parameters in
Matlab Simulink by the method described in [19]. The
obtained parameters required for simulation are pre-
sented in Table 3.

Table 3

Parameters of 4AZM-2000/6000 UHL4 motor
in Simulink

Table 2 Reduced rotor active resistance, Ohm 0.419724
4AZM-2000/6000 UHL4 motor nameplate data - -
Active stator resistance, Ohm 0.888812
Power, kW 2000
Reduced stator and rotor leakage inductance, henry | 0.003531
Rotation velocity, rpm 2973
Excitation circuit inductance, henry 0.127834
Weight, kg 5600
Moment of inertia, kg-m? 187.07
Stator current, A 226
Slip, % 0,9 The model of asynchronous motor protection
KPI 96.7 against unbalanced supply voltage modes is based on
the existing Sepam 1000+ protection. The protection
Power factor, p.u. 0.88 . . . .
set-points to be reflected in the model are given in
Peak torque brevity 1.9 Table 4. In order to simulate the unbalanced operation
Starting torque brevity 0.77 con'dltlons of a motor and the means of its protection
- brevi e against unbalance, a scheme was constructed using the
Starting current brevity : Matlab Simulink software package. It is shown in Fig. 3.
Table 4
Protection model set-points in Matlab Simulink
Tripping Release (reset) t,,s
Sequence filter-based protection K,;,=8% Ky, =6% 10
Overload protection I,.,=350A I,=300A 18
Negative sequence O/C protection Inegative sequence O/C protection tripping — 60 A Irel =20A 10
inl outl
Discrete, in 0“‘7_1
T=5e-05s in3 out3
powergui RMS 1 Display 1
]
<R ir a(A
Scope SignalBuider " R i D AP
com alA’ <Rotor current ir_c (A)>
m <Stator current is_a (A)>
5 T T bp o|B <Stator current is_b (A)> |
<Stator current is_c (A)>
i 0lC <Rotor speed (wm)> Scope 5
Switch inl outl Asynchronous Machine fr}eal(eﬁgggagnetic torgue
LUH - SI Units
in2  out2—»Ub Pmt&f:::l: Negative I outl §n1<—
Uc Disnlay 3 Sequence 0/C Ib out2 {n2 |—
in3  out3 f Sequence 1spray Display 4 Zgzz,lz‘;equlecm outs_in3j—
alfv Filter block 0/C protection RMS 4
Uca Lyfinl outl—> RMS 3 e
—in2 out2 Overload Iﬁ le—1
in3 out’ Sequence Filter block S protection o
n Off  Negative S 0/C protecti ispla:
RMS 2 Display 2 e equ((;\ljecreload ;r;teictifr? id p(r)(;,tircl?i%i
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Fig. 3. Schematic of an asynchronous motor simulation in Simulink:
inl —input 1; in2 — input 2; in3 - Input 3; outl — output 1; out2 — Output 2; out3 — Output 3
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Explanations for the scheme of simulation of an
asynchronous motor in Simulink:

1. The input three-phase voltage is formed by
three single-phase sources in the form of AC Voltage
Source elements of SimPowerToolbox package: ampli-
tude A =4898.98 V, frequency f= 50 Hz; initial phase:
0° for phase A, -120° for phase B, and 120° for phase C.

2. Asynchronous motor: set by Asynchronous
Machine block. The block parameters are selected in
accordance with Table 3. The torque is set by Signal
Builder, Constant, Product1 blocks for the soft start of
a motor.

3. Three-phase breaker: set by Three-Phase
Breaker block. This block is controlled by a signal, the
open and closed key position resistances are stored
by default at 10° 1 102 ohms, respectively.

4. Current and voltage meters are set by Current
Measurement and Voltage Measurement.

5.RMS1-RMS4 blocks are designed to measure
rms current or voltage values.

6. Sequence filter protection: input quantities
for the block are effective (rms) phase voltages, while
the output quantities are the protection tripping
signal and the value of negative-phase-sequence
voltage unbalance factor. The measured voltages are
converted into balanced (symmetrical) components
of the positive- and negative-phase-sequence with
the use of Magnitude-Angle to Complex block. Divide
block is used to calculate K,,; when the set-point set
by Relay block K, ;= 0.08 is exceeded, a tripping signal
is given with a time delay of 10 s.

7. Negative Sequence O/C protection: the input
values are the motor stator rms currents, while the
output is a tripping (protection actuating) signal.
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Similarly to the sequence filter, based on the measured
line currents, negative-phase-sequence current is
obtained and compared with a set-point. If the set-
point is exceeded (/,;, = 60 A), the protection system
gives a signal for tripping with a time delay of 10 s.

8.Overload protection: the input values are
the motor stator rms currents, while the output is
a tripping (protection actuating) signal. Maximum
effective current is calculated using MinMax block
and then compared with a corresponding set-point.
If the set-point I,;, = 350 A is exceeded, a signal for
tripping is given with a time delay of 18 s.

9. “Tripping signal”: the input values are signals
of tripped sequence filter, Negative Sequence O/C
protection, and overload protection, while the output
value is a tripping signal. Logical Operator 1-3 and
Monostable blocks are used to open a breaker, and
since this is accompanied by tripping the protections,
no signal is given to activate the motor, so there is no
looping of the simulation.

The internal structure of the above blocks
complies with the protection algorithms. For a more
compact and concise presentation, all of the above
protections are enclosed in Subsystem blocks. As
an example, Fig. 4 presents the “Sequence Filter”
protection circuit.

The developed motor model and its protection
circuit can be verified by simulating its rated
operating conditions. Simulation of a motor operation
at rated operating conditions presents transients
which coincide with the reference processes of an
asynchronous motor in terms of phase currents, line
voltages, rotor and stator currents, rotor rpm, and
electromagnetic torque of a motor.

Complex
to Magnitude-Angle
[ul —
Ul
N =
N s Lr{ —( 1)
- . Protection
Divide Relay Tripping  negative-

time delay  phase-

[ul |— sequence
U2 voltage
Complex unbalance
to Magnitude-Angle 1
» 2 )
KZU

Fig. 4. Internal structure of the Sequence Filter block
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1. Line currents during start-up (t = 0-8 c) are
about 6 times the rated current; this corresponds to
the motor nameplate data. When the motor reaches
the rated r.p.m., the currents decrease and reach the
rated values I, = 226 A.

2. Line voltages corresponding to the rated value
throughout the simulation time U, = 6000 V.

3.Signals formed by the protections models
demonstrate that at the rated operating conditions,
the protections do not trip, forming signal 0 on their
outputs. These conditions correspond to 1 on the
“Tripping Signal” block output, since when such
a signal is applied to the circuit breaker, the breaker
is closed.

Let us check the functionality of the installed
protections by considering their operation under
abnormal conditions of motor operation. The tests
conducted by the authors have shown that when the
load torque increases by 50 %, the overload protec-
tion trips. The other protections do not trip, since
there are no negative-phase-sequence currents and
voltages. The time diagrams show the protection
tripping at time t = 18 s.

Let us now consider the operation of the pro-
tections when voltage changes in one of phases.
When the voltage in phase A increases by 20 %, in
line with voltage unbalance, current unbalance
arises. However, at a given deviation, the level of
negative-phase-sequence voltage unbalance factor
K,y = 6.07 % < Kypax = 8 % is not enough for trip-
ping a corresponding protection. The current devia-
tion is sufficient to cause a negative-phase-sequence
current exceeding the set-point of the negative
sequence O/C protection I, = 80 A > I, . = 60 A.
The time diagrams show the protection tripping at
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time t = 10 s. The overload protection does not trip,
since the stator currents decrease before reaching
the time set-point t = 18 s.

If the voltage in one of the phases is reduced,
the currents will decrease. However, a deviation
of more than 20 % is necessary for the negative-
phase-sequence voltage unbalance protection to
trip. In this case, K,; = 8.95 % > Ky = 8 %, and
therefore the voltage unbalance protection trips,
butI,=50A <1, . =60 A, so the negative sequence
overcurrent protection does not trip.

We can see that the protections operate selective-
ly and protect the motor from unbalanced operation
conditions within the preset set-point limits. Conse-
quently, the digital model developed allows not only
motor operation at unbalanced supply voltage to be
studied, but also conditions with the use of overload
protection detected, negative sequence overcurrent
protection. It also allows for protection based on a se-
quence filter.

Performance Results.
Simulation of the processes
in an asynchronous motor
with unbalanced supply voltage

Let us consider model operation when the supply
voltage is unbalanced [20]. By varying the voltages
in each phase by AU = +15 % U,,,,, we can consider
the deviations (changes) of negative-phase-sequence
currents and voltage unbalance factor K, Fig. 5
shows these voltage deviations. This diagram shows
the values of deviation AU, %, in phases in the course
of 43 tests. The legend of the diagram explains the
display color of each phase. The same diagram shows
the deviations in K, factor.
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Fig. 5. Values of deviations in supply voltage phases
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Next, Fig. 6 shows the dependence of negative-
phase-sequence voltage unbalance factor K,; on the
deviations of the voltages in the phases.

The third diagram (Fig. 7) presents the currents
in the motor phases Ia, Ib, Ic as functions of the volt-
ages unbalance in the phases.

The tripping of simulated protections is also of
interest. Table 5 presents the operations of protec-
tions operation and shows the results of the most
representative part of the tests (those in which the
protections trip).

Analysis of research findings
Fig. 8 shows an example of the simulation results
in Simulink. The simulation results show that the
negative-phase-sequence overcurrent (O/C) protec-
tion trips more often when the supply voltage is un-
balanced. This can be explained by the fact that when

15
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the voltage level changes even in one of the phases
of the source, this causes a change in currents in all
motor phases. This, in turn, causes the unbalance of
currents and arising negative-phase-sequence cur-
rents [21]. If the negative-phase-sequence current
exceeds the set-point level of the time-delayed pro-
tection, the protection trips and the power supply is
switched off. The simulation results allow the con-
clusion that the protection does not always respond
equally to the same levels of voltage unbalance.
For example, at K,;, = 4,9 % in one case (AUa = 5 %;
AUb = 0 %; AUc = -10 %) the negative sequence
overcurrent protection trips, while in another case
it does not (AUa = 15 %; AUb = 0 %; AUc = 0 %).
In cases where the level of unbalance is K,;, > 5 %,
negative sequence overcurrent protection trips, and
when it is K,;, > 8 %, the sequence filter protection
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Fig. 6. Dependence of negative-phase-sequence voltage unbalance factor K,; on phase voltage deviations AU, %
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Analysis of the dependence of currents in pha-
ses on the unbalance factor shows that significant
current unbalance occurs even at small values of
the unbalance factor K,;. This means that for full-
fledged motor protection, in addition to sequence
filter protection, negative sequence overcurrent pro-
tection should be in place, since it is under the action
of negative-phase-sequence currents a motor heat-
ing occurs, losses increase, and thereby the service
life is reduced.

Now let us consider the effect of voltage un-
balance on motor phase currents at different shaft
loads. For this purpose the load will vary from 0 to
120 %. The examples of the study results for no-
load, rated conditions, and overload are presented
in Tables 6-8.
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It is important to note that when the load on the
motor shaft is 120% of the rated load, and when the
voltages in phases A, B, C deviate by -10, -10 and 0 %
respectively, the overload protection trips. This is be-
cause even a small voltage unbalance during overload
causes currents in excess of the protection set-point.

The data presented in the tables shows that at
the same deviations in phase voltages, the currents
have greater unbalance at higher load factors. This
is because the more loaded motor produces greater
currents, and with an unbalanced supply voltage, the
magnitude of these increased currents has a greater
effect on the unbalance, thus causing greater nega-
tive-phase-sequence (nps) current. Therefore, un-
balanced supply voltage conditions are unacceptable
at high motor loads.

Table 5
Simulation results for AM operation under conditions of unbalanced supply voltage
Phase voltage deviations, % Currents in motor phases, A Ko % Trippin
AUa AUb AUc Ia b Ic w % pping
10 -10 0 270 136 280 6,1 Negative Sequence 0/C
protection
5 -10 -10 296 168 254 4,9 Negative Sequence 0/C
protection
10 -5 -10 305 163 230 5,8 Negative Sequence 0/C
protection
10 -10 -10 315 137 262 6,7 Negative Sequence 0/C
protection
10 10 -10 307 223 144 5,7 Negative Sequence O/C
protection
15 0 -5 301 153 221 5,9 Negative Sequ_ence 0o/C
protection
15 0 -10 293 161 212 7 Negative Sequence O/C
protection
15 0 -15 347 173 205 8,5 Negative Sequence O/C
protection, sequence filter
15 5 -5 294 180 186 5,2 Negative Sequ_ence 0/C
protection
15 0 -10 293 161 212 7 Negative Sequence O/C
protection
15 0 -15 347 173 205 8,5 Negative Sequence O/C
protection, sequence filter
15 5 -5 294 180 186 5,2 Negative Sequ_ence 0/C
protection
15 5 -10 321 184 178 6,6 Negative Sequence 0/C
protection
15 5 -15 348 198 179 8,4 Negative Sequence O/C
protection, sequence filter
15 10 -15 350 219 151 8,7 Negative Sequence O/C
protection, sequence filter
15 10 -10 323 209 154 7 Negative Sequence 0/C
protection
15 10 -5 298 195 166 5,2 Negative Sequence 0/C
protection
15 15 -10 354 245 119 9,4 Negative Sequence O/C
protection, sequence filter
15 -15 -15 357 106 285 10,5 Negative Sequence O/C
protection, sequence filter
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Let us now consider the rotor rpm and torque
produced by the motor under different unbalanced
supply voltage conditions as a function of time. We
will investigate the operation of the motor with rated
load when the voltage in the phases deviates from the
rated value as follows:

Dmitrieva V. V., Khammatov A.
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3) phase voltage deviations: AUa=-15%;
AUb =-5 %; AUc=0 %;
4) phase voltage deviations: AUa=-10%;

AUb =0 %; AUc =0 %.
In the conditions under consideration, the motor
has time to reach steady-state operation conditions

1) phase voltage deviations: AUa=15%;  before the overload protection trips Thus, the nega-
AUb =10 %; AUc=0 %; tive sequence overcurrent protection and sequence
2) phase voltage deviations: AUa=10 %; filter-based protection do not trip. To obtain a more
AUb =5 %; AUc=0 %; illustrative study, the stator and rotor currents, as
A Rotor current Ir, A <Rotor corrent ir_a (A)> ==—<Rotor corrent ir_b (A)> <Rotor corrent ir_c (A)>
2000 [menmmmamncen o 00 ‘ ‘ ‘ ‘ ‘ ‘
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Fig. 8. Timing diagrams: A - line rotor currents, stator currents, rotor rpm, and electromagnetic torque
of a motor with an increase in phase A voltage by 20 %; B — protection signals with an increase in phase A voltage by 20 %
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well as the rotor rpm and the motor torque for 13 s
of simulation are considered. The simulation results
are presented in Table 9. Fig. 9 shows examples of the
graphs of changes in the rotor currents, stator cur-
rents, rotation velocity and drive torque of an asyn-
chronous motor at the considered negative-phase-se-
quence voltage unbalance factor values K.
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The figures presented show that the supply
voltage unbalance causes currents unbalance and,
consequently, negative-phase-sequence current. This
violates the normal regime of motor operation by
changing the shape of stator and rotor current curves,
as well as the rotor rpm and the motor torque, that
is, by creating oscillations of these parameters. The

Table 6

Simulation of unbalanced motor operation conditions at 100% load

Voltage deviations in phases, % Motor phase currents, A L.
Ky, % Tripping
AUa AUD AUc Ia Ib Ic
-10 -10 0 4 197.7 244.1 2717.2 Protections fall to function
10 -5 -10 6 304.8 162.8 229.9 Negative Sequence O/C protection
15 -5 6 300.5 153.4 2214 Negative Sequence O/C protection
15 -10 7 322.6 161.2 211.9 Negative Sequence O/C protection
15 10 -15 9 350.2 219.1 151.0 | Negative Sequence O/C protection, sequence filter
15 -15 -15 11 356.9 106.0 285.2 | Negative Sequence O/C protection, sequence filter
Table 7
Simulation of unbalanced operation conditions at 0% load
Voltage deviations in phases, % . Motor phase currents, A Tripping
AUa AUb AUc 20 Ia Ib Ic
-10 -10 0 4 81.6 23.5 117.7 Protections fall to function
10 -5 -10 6 162.6 92.3 70.6 Negative Sequence O/C protection
15 -5 6 178.4 120.3 58.8 Negative Sequence O/C protection
15 -10 7 192.8 145.6 56.4 Negative Sequence O/C protection
15 10 -15 9 205.2 204.0 60.3 Negative Sequence O/C protection, sequence filter
15 -15 -15 11 237.6 148.2 126.2 | Negative Sequence O/C protection, sequence filter

Table 8

Simulation of unbalanced operation conditions at 120% load

Voltage deviations in phases, % Motor phase currents, A L.
K, % Tripping

AUa AUD AUc Ia Ib Ic

-10 -10 0 4 243.2 300.0 327.6 Overload protection
10 -5 -10 6 348.8 205.4 275.0 Negative Sequence O/C protection
15 -5 6 341.6 192.2 261.7 Negative Sequence O/C protection
15 -10 7 365.1 198.9 250.3 Negative Sequence O/C protection
15 10 -15 9 383.5 245.4 188.6 | Negative Sequence O/C protection, sequence filter
15 -15 -15 11 396.2 148.6 333.6 | Negative Sequence O/C protection, sequence filter

Motor dynamic characteristics simulation results

Table 9

Voltage deviations in phases, % Phase voltages, V Motor phase currents, A Unbalance factor
AUa AUb AUc AUa AUb AUc Ia Ib Ic Kyp, %
15 10 0 5634 5389 4899 274.1 196.2 181.7 4.1
10 5 0 5389 5144 4899 257.9 196.6 203.4 2.8
-15 -5 0 4164 4654 4899 184.9 292.7 262 4.7
-10 0 0 4409 4899 4899 198 2717.5 232.2 3.4
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resulting oscillations have a larger amplitude with
a higher negative-phase-sequence voltage unbalance
factor. Unbalanced voltage conditions have an
adverse impact on motor operation, since it causes
fluctuations in the motor torque and rotor rpm,
resulting in vibrations that reduce the motor service
life. For better visualization let us display graphically
the signals of rotor rpm and motor torque from
identical circuits working in parallel with different
ratios of supply voltages, according to Table 9. Fig. 10
shows such graphs of changes in the effective values
of rotation velocity and torque of the asynchronous
motor at different negative-phase-sequence voltage
unbalance factors.

The graphs show that the changes in the rotor
rpm and motor torque depend mostly on the nature
of the voltage change rather than on the unbalance
factor. At lowered voltage, it is more difficult to start
the motor and the rated rotation velocity is reached
more slowly. Let us compare the graphs of the torque
changes at K,;, = 0, 4.7, 3.4 %. Since K,;, = 0 % at the
ra-ted supply voltage conditions, no negative-phase-
sequence torque occurs —M, = 0, and the motor tor-
que is fully determined by positive-phase-sequence
torque -M, .., = M,. In order to assess the effect of
unbalanced voltage on the motor torque, we assume
that at K, = 4.7, 3.4 % the positive-phase-sequence

Rotor current Ir, A

<R0tor corrent ir_a (A)>
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torque is approximately equal to the torque at the
rated motor operating conditions. This statement is
justified by the fact that the voltage level in the ca-
ses under consideration does not differ significant-
ly from the rated voltage. Consequently, the charac-
ter of the curves depends on this to a lesser extent.
Since negative-phase-sequence currents arise when
the supply voltage is unbalanced, negative-phase-se-
quence torque also arises. It has a negative value
of M, < 0: the resulting torque equal to the sum of
positive- and negative-phase-sequence torques
-M =M, + M, = M,,., + M, will decrease by increasing
the unbalance factor as clearly expressed in the peaks
of the curves in question. A similar statement is true
for the change in torques at K,;, = 4.1, 2.48%. However,
this is due to the fact that the voltage unbalance was
introduced by increasing the voltages in the phases,
both positive- and negative-phase-sequence currents
increased along with the voltage which caused an in-
crease in the corresponding torques. In this case, with
a higher unbalance factor, the torque becomes grea-
ter when compared to the rated one. It may thus be
concluded that a deviation from voltage balance is ac-
companied by a decrease in the resulting torque and,
consequently, by an increase in losses and a decrease
in motor efficiency, as well as by heating of the win-
dings as a result of negative-phase-sequence currents.

- <Rotor corrent ir_b (A)> <Rotor corrent ir_c (A)>
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Fig. 9. Graphs of changes in rotor currents, stator currents, rotation velocity and drive torque of an asynchronous motor
at the considered negative-phase-sequence voltage (unbalance) factor K,;=4.1 %
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Fig. 10. Graphs of changes in the effective values of rotation velocity and torque of the asynchronous motor at rated operating
conditions (K,;= 0 %) and at different negative-phase-sequence voltage unbalance factor values K,;;= 4.1, 2.8, 3.4,4.7 %

Conclusions

The authors conducted a study of high-voltage
asynchronous motor drive protections of a recycle
compressor in the fuel hydrotreating unit at the As-
trakhan Gas Refining Plant. The studies showed that
sequence filter relay protections, negative-phase-se-
quence protection, and overload protection should be
selected in the aims of protecting the motor against
supply voltage unbalance. A simulation of the joint
operation of the AM and its protections was per-
formed. The study findings allow for quantitative as-
sessment of the effect of supply voltage unbalance on
the operation of a high-voltage asynchronous motor.
The analysis of the protections operation showed
that, in the event of voltage unbalance, the negative
sequence overcurrent protection trips more often,
because an unbalance of currents arises. The authors
conclude that this protection must be implemented,
because the consequence of unbalanced voltage sup-

ply conditions, namely, the unbalance of currents,
creates a negative-phase-sequence torque. This leads
to a reduction of motor efficiency and service life.
Evaluation of the protections operation at different
motor load factors showed that the effect of voltage
unbalance has a greater influence on the motor ope-
ration at higher load factors. The analysis of the mo-
tor characteristics at different unbalances of the sup-
ply voltage allowed changes in the effective values of
the motor rpm and torque at different unbalance fac-
tors to be assessed. The feasibility of implementation
of the developed relay protection system on the basis
of series 80 Sepam 1000+ microprocessor protection
has been confirmed.

In terms of commercial application, the study
findings can be used as a basis for relay protection
of all components of the fuel hydrotreating unit at
the Astrakhan gas refining plant. The authors are
currently further developing this system.
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