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Abstract: Starting an induction motor causes voltage sag in the industrial grid that may disturb the
operation of grid equipment. Direct-on-line starting is the simplest and most cost-effective method
for starting induction motors, but also the most problematic. Large industries often use internal
power plants with synchronous generators and starting powerful motors may impact the generator
operations. The synchronous generators could be operated with the automatic or manual mode
of voltage control. As the operation experience proves, the generator voltage control mode has a
significant impact on the transient behaviours in the industrial power grid when starting a large
induction motor. This article presents a case study of the synchronous generator tripping within a
true medium-voltage industrial grid during the direct-on-line starting of a large induction motor
driving the feed water pump. An analysis of the generator protection logs after the tripping showed
that the synchronous generator was controlled in manual mode and its protection relay settings were
exceeded. The transients initiated by induction motor starts were studied for possible configurations
and operating conditions of the grid using a model developed on the Matlab/Simulink Software
platform. The simulations have shown that concern about starting large motors in industrial grids
containing internal synchronous generators needs to be solved considering the grid configurations
and the coordination of generator protection and control devices.

Keywords: induction motor starting; medium-voltage industrial power grid; voltage sag;
synchronous generator; excitation system; protection coordination

1. Introduction

Generally, large industries are supplied from the bulk power system, as well as
use their power plants with medium-voltage (MV) synchronous generators [1,2]. The
most important issue for such a power supply system, which feeds powerful responsible
industrial loads, is the reliability and resilience of the system. Energizing powerful motors
and transformers within industrial grids can impact the power supply system quality,
causing industrial grid equipment operation disturbances. Switching on the transformer
is accompanied by a voltage sag in the grid and significant transient current harmonics,
which can cause damage to the compensating devices used in such systems [3,4]. In
many applications, large MV induction motors operate the main devices and systems of
power plant auxiliaries, such as coal mills, air and exhaust fans, blowers, compressors,
pumps, and conveyors. Hence, it is important to properly design the adequate drive and
select the motor capacity and its starting methods specially dedicated to the operational
characteristic of the device and load type. To solve this task, it is also necessary to have an
accurate knowledge of electromagnetic phenomena occurring in transient conditions, such
as the behaviour of the inrush current due to the starting and control of the asynchronous
motor, and due to the operation of the Automatic Transfer Switch (ATS), which leads to a
voltage sag on the supplying bus and the related bus. The resulting voltage sags on the
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auxiliary bus cause two serious problems. Firstly, they disturb the operation of sensitive
control devices such as computer network servers and Programmable Logic Controllers
(PLC). Secondly, they disrupt the motor drive mechanical torque corresponding to the
manufacturing process [5].

It is assumed in the calculations and designing of the industrial grids without internal
power plants that the overall capacity of all installed MV motors powered by auxiliary
buses is equal to approximately 10% of the installed capacity of the industrial power
grid loads. In the case of industrial grids that are operated with synchronous generators,
the overall capacity of the motors shall be between 30% and 50% of the total capacity of
operated production units [6]. Otherwise, the industrial grid does not have enough stiffness
and some voltage disturbances on the supplying bus may cause tripping of the boilers or
turbines, which consequently could lead to serious failure or tripping of other industrial
installations or devices fed by the industrial power plant, such as the coking plant, rolling
mill, compressor units, gas reduction stations, etc. Thus, the protection and control systems
of synchronous generators operating in the industrial power grid have been designed to be
able to ensure the operation of the generators under voltage variations caused by different
manufacturing or fault events in the industrial grid. The next industrial power system
characteristics impact the voltage variations [7-9]:

Topology of the industrial grid;

Topology and ratings of the power plant auxiliaries;

Ability to generate reactive power of each synchronous generator;

Applications of excitation unit and voltage control systems of synchronous generators;
The starting methods of powerful MV induction motors.

Exploring specialized articles and technical publications, one can note significant
practical interest in the issue of starting powerful motors in industrial grids [10-14]. The
described studies analyse the features of the induction motor starting behaviour in auxil-
iaries of utility power plants and in grids of cogeneration plants that are part of industrial
facilities. The purpose of these studies is the analysis of optimal conditions, as well as
economically feasible methods of starting motors. However, when the motors are started
in the industrial grid under a limited system capacity at the bus, the concerns about the
operation of the excitation and protection systems of the industrial grid generators are also
significant, which were not reflected in the above studies.

The article presents studies prompted by an event of tripping a synchronous generator
in a true MV industrial grid while starting a powerful induction motor. The study intends
to analyse the incident and causes of the emergency tripping of a synchronous generator
with a capacity of 31 MVA in a 6 kV industrial power grid that occurred due to a Direct
On Line (DOL) starting 2 MW induction motor. Owing to the motor starting, significant
transient currents caused deep voltage sags on the supply bus, resulting in the synchronous
generator protection activation and its tripping from the industrial power grid.

The content of the article consists of two substantive parts. The first part of the
article, including Chapters 2 and 3, discusses some operating issues in starting large MV
induction motors and concerns about synchronous generators in industrial grids. The
presented detailed analysis aims to describe the peculiarity of steady-state and transient
conditions of synchronous generators operating within an industrial power grid where
induction motors are frequently started. The technical concerns devoted to the control and
protection of synchronous generators and the distinctions between the operating conditions
of generators in industrial grids and grids of typical Power Plants have been discussed
in this part of the article. Based on their practical experience, the authors have presented
the most significant technical issues relating to the interaction of protection devices and
excitation control of synchronous generators under conditions of starting induction motors
of comparable capacity.

The second part, including Section 4, presents the experimental studies of transients
caused by induction motors starting in the examined MV industrial power grid carried out
by a computer simulating the events. Here, a thorough analysis of the behaviour of the
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protection and excitation systems of the generator during its emergency tripping caused by
the start of a large induction motor in a true industrial grid is carried out. Matlab /Simulink
Software was chosen as a proven platform for transient analysis because there are known
constraints in field testing concerning the examined issues.

2. Concerns about Starting Induction Motors in Industrial Grids
2.1. Induction Motors in Industrial Plants

In many heavy industries, internal Combined Heat and Power (CHP) plants containing
synchronous generators are used to ensure the reliability and power efficiency of production
processes. High-capacity medium-voltage induction motors in such industrial grids are
an integral part of the technological process of these CHPs. MV high-capacity induction
motors are used to perform two main tasks [1,5,6,9,15]:

o  Cooperation with boilers and synchronous generators to support the operation of
devices and equipment installed in the boiler room, engine room, and flue gas desul-
phurisation installations, which are called auxiliaries of the power plant;

e  Supporting the manufacturing processes of the main production.

Taking into consideration the reliability of operation, the equipment and devices shall
be divided into three categories. The first category is the feeders with the highest level of
importance, which includes the motors of which even a few seconds of immobilization
could lead to the shutdown of the boiler and turbine set. These kinds of motors are covered
by the ATS units installed in the MV switchgear. They include, for example, mills and boiler
fans, feed and cooling water pumps, heating oil pumps, and others. The second category
includes motors which cooperate with auxiliary devices and equipment, which can be
switched off for a short time. These types of motors should also be provided with a backup
power source. They include, for example, water condensate pumps and transformer oil
cooling pumps, air heater fans, heaters, and transformer tank blast fans. The third category
belongs to the motors which shall be switched off for a long time without any interruption
of the manufacturing process of the unit. These devices are not protected by ATS units and
are operated by the staff. They include the other auxiliary drives which supply pumps,
fans, conveyors, etc.

2.2. Starting Induction Motors in Industrial Grids

During the motor starting, the terminal voltage should be maintained at approximately
80% of the rated voltage and have a standard 150% starting torque at the rated voltage
with a constant torque load applied [16-18]. Moreover, under a large motor starting, other
normally operated motors in the industrial grid will slow down as a response to the voltage
sag. The results of the disturbances and transients in the industrial power grid can cause a
short-term overrun of these motors. Applicable technical rules indicate the highest value
of motor power that can be installed and powered from auxiliary MV switchgear in the
power units strictly depends on the level of short circuit capacity of the system:

S
Py max = 0.09 x %; Ups > Uy, (1)
1

where:

P; max—the rated power of the largest motor in the industrial grid;

Sgc—the total value of the short circuit capacity of the industrial power grid;
K;—the motor starting coefficient;

U,;s—the voltage on motor terminals before the starting;

U, —the rated voltage of the motor.

Fulfilment of Condition (1) guarantees an acceptable decrease in voltage on the aux-
iliary bus by no more than 10% for the remaining operating motors. It can be noted that
reducing the power grid short circuit capacity leads to worse starting conditions for the
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high-capacity motors and, as a consequence, to significant disturbances in the operation of
other motors [19-21].

The large induction motors installed in industrial facilities or power plants are gen-
erally made as deep-slot or two-cage induction machines; more than 90% are powered
by MV switchgear. The power supply of large motors from the medium voltage of 6 or
10 kV allows the reduction in operating and short circuit currents by up to 40%. In addition,
the higher voltage level improves starting conditions and lowers power grid disturbances
caused by the high magnitude of inrush currents, especially for DOL motors starting.
Hence, a motor-starting study should be made if the motor rating exceeds approximately
30% of the supply transformer rating in case of no generators. While in-facility generation
is installed, and no other sources are involved in the total short circuit capacity, the study
should be considered whenever the motor capacity exceeds 10 to 15% of the synchronous
generator kVA rating depending on their operating conditions. As a rule, induction motors
with a rated voltage of 10 kV are from 20% to 25% more expensive than 6 kV motors, and
their efficiency is slightly lower. The ratings of such machines shall not be less than 630 kW
to avoid poor utilization of the active conductor and core materials. For comparison, the
lower power limit of motors with a rated voltage of 6 kV is 200 kW [3,5-7]. In addition, the
large induction motors operated in industrial grids should fulfil some specific technical re-
quirements. This is due to the extreme conditions which occur during automatic switching
on of the ATS units or during the starting process. The important issue is the value of the
starting torque and related inrush current [22,23]. According to the standard requirements,
MYV induction motors shall withstand the starting process for up to 15 s without stalling or
sudden change of rotational speed (with a gradual increase in the load torque) and torque
overload by a factor of 1.6 of the rated torque at rated voltage and rated frequency [24-26].
Higher torque overloads are required for some motors manufactured for the needs of the
power industry. The motors of the highest ratings from 3150 kW to 6300 kW are used
to drive water pumps within auxiliaries of power plants of 120 MW and 360 MW, and
2000 kW for industrial power grids operated with 6 kV synchronous generators of about
25 MW, respectively.

2.3. The Starting Methods of MV Induction Motors

All starting methods aim to reduce the voltage drop on the industrial grid to ensure
the smooth starting of the driven equipment while maintaining sufficient acceleration
torque. There are several methods used in the practice of induction motor starting [27-31].
Two are most often used. The first of them is a DOL start of the asynchronous machine
with a rated power supply voltage. This type of starting method is the most cost effective
for industrial induction motors. The inrush currents typically range from 5 to 10 times full
load amperes depending upon the construction of the machine. The inrush current lasts
until the motor and driven load have reached the rated speed. The duration of the starting
behaviour is also called the motor starting time and typically should be less than the
maximum allowable locked rotor time. A highly reactive starting current flows through the
impedance of the industrial power grid supply circuit and could impact the grid voltage by
creating a significant voltage sag across the busbars of MV switchgear, causing disturbance
in the auxiliary drive operations [32].

The second method uses semiconductor devices such as thyristors and transistors
which are characterised by high power ratings and used for composing units such as
soft start units or variable frequency drives (VFDs). The soft starting devices are typical
and commonly used for low voltage (LV) induction motors in industries. Still, VFDs are
implemented for MV high-capacity machines due to their better functionality during the
starting behaviour and reasonable maintenance cost. A variable frequency drive converts
fixed voltage and fixed frequency input to variable voltage and variable frequency output;
hence the decoupling between the induction motor and AC grid by the frequency converter
unit provides the optimal starting method. The typical MV VFD unit is based on the
primary phase-shifting transformer, diode rectifier, and insulated-gate bipolar transistor
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(IGBT) inverter cells. The input current to the drive is proportional to the motor load and
the drive’s active power losses. The typical voltage or current source inverter (VSI or CSI)
produces a pulse width modulated (PWM) output to synthesize a sinusoidal waveform of
variable voltage and frequency. Hence, the VFD provides a fixed or programmable Volt
per Hertz (V/Hz) curve to the induction motor. The constant ratio allows the induction
motor to provide 100% torque throughout the motor-rated speed range while keeping the
constant motor flux [33]. That starting method is characterised by full-rated torque at a
standstill and low speeds up through rated speed, which is a significant advantage of the
presented starting method. The second advantage is energy saving due to variable speed
operation. However, the frequency variable start is the most expensive method, unlike the
direct start.

3. Synchronous Generator under Starting Large Induction Motor

The control of a synchronous generator is provided by an excitation system composed
of an exciter and voltage governor. The exciter function is to supply direct current (DC) to
the excitation winding of the synchronous generator to generate the magnetic field required
under given operating conditions. The excitation system should ensure synchronous
operation of the generator both in a steady state as well as in transient conditions or even
during emergency conditions. To ensure the proper operation of the synchronous generator
in a power system or industrial grid, certain technical requirements must be met for the
excitation system, such as ensuring appropriate power capacity of the generator rotor
windings and operating reliability, fast-acting the voltage regulator and excitation system
aiming to fast-boost the field current and fast-extinguish the excitation field in transient
states [34].

Under steady-state conditions, the excitation system should ensure continuous proper
operation of the synchronous machine in the power grid at rated load, as well as transient
conditions that significantly deviate from its rated and normal operating states. In most
standards, the secure generator currents and voltages under overload conditions are defined as
I = 1251, under the rated voltage and U = 1.05U,,,; under the rated current. The overload
current for synchronous generators is given to design and adapt control and protection devices
for these machines. The higher current amplitude than the rated current causes an increase in
the temperature of the machine windings, which is approximately directly proportional to the
ratio of the overload duration and the square of the current. Thus, in the case of the 37.5 MVA
synchronous generator operated in an industrial heat and power plant, the exciter unit shall
withstand an overload of 1.5, for at least 3.0 s. In the case of the power plant where
the higher capacity synchronous generator can be up to 1200 MVA, the ability to withstand
overload with a 1.51,,,;;, current should last in less than 15 s.

Due to a swell in voltage in the excitation system, when the excitation unit is designed
to cooperate with the power grid with a specific nominal frequency, the change in voltage
value is related to the change in frequency. Moreover, the excitation system must have an
adequate power reserve value, which ensures the proper operation of the exciter under
normally applied overcurrent or overvoltage. Typically, the value of the excitation power
rated for steady-state conditions is (0.4-0.6)% of the rated power of the synchronous
generator. Thus, for a 30 MW turbogenerator, the rated power of the excitation unit is equal
to 150 kW.

In transient operating conditions, which are caused by external disturbances in the
power system, short circuits, switching operations, or switching on synchronous or induc-
tion motors of high capacity, the excitation system should ensure an increased value of
field winding direct current in the shortest possible time [35,36]. Thus, the ideal excitation
system under disturbance states is when the unit is able to maintain a constant voltage at
the generator terminals during variations of steady-state operating conditions. Neverthe-
less, during rapidly changing loads or in emergency conditions, it is not possible to avoid
voltage variations. Therefore, the excitation system of the synchronous generator should
be analysed from the possibility of fast voltage stabilization to ensure its lower variability
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and adapt to frequent excitation changes. The voltage governor is also used to control the
rotational speed of the generator rotor. So, the requirements of synchronous generator volt-
age regulation by an excitation system include fast-stabilising the voltage at the generator
terminals and fulfilling many other functions to ensure optimal performance conditions
of cooperation between the generator and the power grid. The following requirements
should be described under exciter system analysis: maintaining the generator voltage at
the rated value, ensuring proportional distribution of reactive power between operating
synchronous units, boosting the excitation to support the operation of protections and co-
operation during transient conditions caused by short circuits and voltage sags, limitation
of the maximum generator stator voltage by de-excitation, maintaining a constant ratio of
voltage to frequency U/ f at frequency sags, keeping the generator load parameters within
what is allowed by the producer and the power system limits, and suppression of swings
after disturbances in the power grid [37-40].

The synchronous generators, depending on the technical requirement and applications,
operate in the bulk power grid as electricity production or are connected to the main
switchgear in an internal MV industrial power grid, where they stabilize the voltage on
the main busbars, limit disturbances, and raise the level of short-circuit capacity of the
grid. In addition, the synchronous units decrease voltage sags within the grid during the
frequent starting of high-capacity induction motors, especially with DOL starting as well
as switching on the other unconventional loads and devices.

When the industrial grid is powered only from the high-voltage (HV) bulk grid,
without operated synchronous generators, starting high-capacity induction motors becomes
more complicated [41-43]. Synchronous generators installed in industrial power grids
are equipped with the appropriate control and regulation systems. Control systems can
be operated in two modes: automatic and manual (emergency). In the first case, the
control system runs in the feedback loop, and the generator voltage and reactive power
are controlled by the PID controllers which track the actual grid operating condition
parameters. Lack of generator reactive power and voltage control results in deeper voltage
sags and longer-lasting transients that can activate the operation of protective devices,
causing signalization of under-voltage events and even circuit tripping. For these reasons,
to maintain proper operating conditions of equipment and devices, synchronous generators
of the industrial grid have to be equipped with adequate automatic control. In the automatic
mode, the control system introduces compensation of measured deviation of controlled
parameters resulting from the operating changes and transients by adequately impacting
the generator field current in the automatic mode.

In the case of manual mode, the value of the grid parameter is set manually by the
operator, and the power grid is not immune to transients caused by internal switching
operations and disturbances such as starting motors, short circuits, and transient over- and
under-voltages. The proper solution for operating conditions of a synchronous generator
without automatic control and keeping acceptable voltage sags when starting motors and
switching loads is to manually set up the reactive power level of the generator at the
time of starting. Considering the above operating limitations, the manual control system
can only be used in emergency modes of synchronous generator units. Thus, proper
maintenance and regular inspection of the control system and generator components is
such an important issue.

4. Case Study
4.1. The Analysed Industrial Grid

The analysis of inrush currents when starting a powerful induction motor and their
impact on operating an internal generator has been carried out on the example of a 6 kV
industrial grid fragment shown in Figure 1. The power industrial grid contains two
substations, A and B, which supply industrial loads and are connected by cable CL1 and
reactor SR1. Main Substation B consists of three sections connected via SR reactors. The
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industrial grid is powered by an external 110/6 kV substation and 2.6 kV synchronous
generators, G1 and G2, with a capacity of 25 MW each.

Ssc.=3 GVA
110 kV
()
Substation A e Substation A
other sections 6 kv section 1
SR
SR1 LR PC
GT 4
CL1 CL
Loads Loads
Substation B Substation B Substation B
section 1 section 2 6kV section 3
—> SR SR
LR SR2 | IR
) cL
S e P!
Loads Loads 6 kV Switchboard Loads
i
Motor 2000 kW

loads

Figure 1. Fragment of single-line diagram of the examined industrial grid.

The industrial grid is a highly extensive cable industrial system with various possible
operating configurations. Therefore, to compensate for capacitive currents, the industrial
grid is equipped with two Petersen coils (PC), one for each main 6 kV switchgear. The units
are connected to the busbars of Substations A and B by grounding transformers (GT). The
fundamental power supply for all industrial loads such as the coking plant, rolling mill,
compressor plant, etc., and MV auxiliaries of the industrial heat and power plant connected
to Substation B is provided by internal synchronous generators and, in case of emergency
conditions, Substation A as well.

The examined industrial grid is characterised by several topologies which are strictly
dedicated to the emergency operation of the power system or applied during the tech-
nical inspection or routine maintenance of the electrical equipment and substation cell
devices. Table 1 includes the main catalogue data of electrical equipment of the analysed
industrial grid.

Table 1. Catalogue data of the industrial grid equipment.

Grid Component Parameter Unit Value
Transformer rated voltage, U, kV/kV 110/6
Supply system Transformer capacity, S, MVA 31.50

Short circuit power, S GVA 3.00
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Table 1. Cont.

Grid Component Parameter Unit Value
Rated voltage, U, kV 6.00
. Specific resistance, Ry Q/km 0.16
Cable lines CL1 and CL2 Specific inductance, Ly mH/km 0.34
Specific capacitance, Cy puF/km 0.44
Rated current, I, kA 0.60
Secti SR Resistance, R Q 0.35
ection reactor Inductance, L mH 0.45
Rated SC current peak, I kA 32.00
Rated current, I, kA 1.60
. Resistance, R (@) 0.13
Section reactors SR1 and SR2 Inductance, L mH 022
Rated SC current peak, I, kA 52.00

The synchronous generators are directly connected to the grid’s Substation B busbars
and provide the appropriate active and reactive power as well as voltage stabilisation
in the industrial grid. Each synchronous generator is equipped with a static-type exciter
specifically dedicated to that type of synchronous machine. Table 2 presents the catalogue
data of the synchronous generators installed and operating in the industrial heat and
power plant.

Table 2. Catalogue data of the synchronous generator.

Component Ratings Parameter Unit Value
Rated active power, Pgy MW 25.00
Rated voltage, Uy kV 6.30
Rated current, gy, kA 2.25
Rated speed, 1¢y r.p.m. 3000.00
Power factor, cos@ - 0.80
Stator resistance, R mQ) 5.22
Synchronous generators G1, G2 Subtransient reactance, X; % 14.30
Transient reactance, X;l % 24.00
Synchronous reactance, X, % 245.00
Winding time constant, T} s 1.20
Mechanical time constant, T, S 9.32
Inertia moment, | T-m? 1.35
Rated power, Py kW 150.00
Excitation unit Rated voltage, Uap \Y% 250.00
Rated current, I, A 600.00

The microprocessor control system ETW 30 [34] provides the ability of automatic and
manual control modes of the generator exciter. The control system unit is responsible
for stabilising the generator voltage and level of reactive power (if needed). The control
system generates the output signal, which controls the transistor amplifier circuit and
carries out all necessary functions for control, regulation, and protection of the generator
excitation system [7,34]. The excitation systems were specially designed and have the
settings calculated especially dedicated for synchronous generators which are operated in
the examined industrial grid. Some of these values and criteria for manual and automatic
control system modes are shown in Table 3.
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Table 3. Excitation system settings.
Parameter Accuracy and Range of Regulation Unit Value

+0.5 Ugn % _
Voltage limiter Uy = (0.85 — 1.1)llgn kv 5.35-6.93

Uy max = 1.6Uan v 400

+1.01, % -
Current limiter I, =(05-11)I,, A 420-660

Iy max = 1114y A 660

The functional block of the ETW 30 control system with the static excitation system of
the examined synchronous generator is presented below in Figure 2.

PC

0T EAT I
T T

TO PROTECTION
)
—

/ ALARM com1
'
DC 220V AC 220V 1 @
3 |

3

com2

VAR/COS
START/STOP

COMPENSATION MODE

Operation
panel

7
_(i)) /° o coM1
coMo

|/ auto/man

Power supply

7

D

CONTROLLER

I

Reverve regulation %_

2 CONVERTER A

1. Synchronous generator
2. Current transformer

3. Voltage transformer

4. Shunt

5. Excitation current converter

£

13;

9. DC filter

10. Excitation switch

11. Excitation transformer

12. Static excitation transformer
13, 14. Excitation circuit contactors
6. Excitation voltage converter
7. Voltage regulator

8. Thyristor rectifier

15. Overvoltage protection system
16. AC filter

Figure 2. The ETW 30 control system with excitation units for synchronous generators.

The automatic regulation system is equipped with the following software functions:

e  Voltage regulator, which ensures the generator voltage with an accuracy of +0.5% of
the rated voltage;
e  Excitation current limiter, which protects the unit against overload;
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o  Excitation current limiter, which limits the generator’s reactive capacitive power to
avoid overheat of stator iron packages and prevents trip off the generator due to failure
of synchronization;

e Induction current limiter, which reduces the generator voltage by lowering the fre-
quency and protects the unit and power transformers from exceeding the permissible
flux value in iron;

e  Tracking system, which ensures the proper excitation operation during changing
modes between automatic and manual mode;

e  System stabilizer, which reduces the low-frequency oscillations of the rotor generator
and allows its stabilization during operation at large loads.

Moreover, the voltage regulator provides two types of operation:

(a) Automatic (digital) control—with options to maintain the settings of generator
voltage (the voltage control criterion), generator reactive power (the reactive power control
criterion) or maintaining the power factor (the power factor criterion), and excitation
current value (the excitation current criterion).

(b) Reserve (analogue) control—stabilizes the excitation current of the generator during
malfunction of automatic digital (automatic) control and is used for checking and setting
the generator protection.

The automatic control system is also equipped with a microprocessor unit with the
protection mode, which constitutes a reserve concerning the basic, Digital Protection of
the Synchronous Generator (DPSG) unit. The DPSG is a multifunctional digital relay that
provides highly reliable protection for synchronous generators. Moreover, the micropro-
cessor voltage regulator of the synchronous generator contains all necessary functions for
control, regulation, and protection of the generator excitation system. It is equipped with
RS-232 and RS-485 ports and the Modbus™ protocol for PC programming, measurement,
and communication between the device and unit. The DPSG unit has been designed and
programmed with specially calculated values and configured to prevent damage to the
synchronous machine as well as failures and transient conditions that may affect the proper
operation of the examined industrial grid equipment [37-39]. Table 4 shows some basic
protection parameters of the synchronous generator digital protection.

Table 4. Protection settings of DPSG relays for synchronous generators.

Protection Type Unit Setting Value
. I [kA] 1.201,
Overcurrent protection tmax [S] 2.00
. . . I, [KA] 0.201
Differential protection ta [S] 0.02
. U; [kV] 1.23U
Overvoltage protection . [5] 200
. U, [kV] 0.83U
Undervoltage protection fma [5] 200
U; [kV] 0.40U
Frequency protection fr [Hz] 0.95f
tmax [s] 10.00
I, [KA] 0.10I,
Impedance Z: [O] 6.00
tmax [s] 3.00
Stator ground fault protection I; [kA] 1.201,
Ly [kA] 0.051,
Unbalance protection tmin [S] 10.00
tmax [S] 300.00

Reverse power P; [kW] 0.01P,
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In the industrial network under consideration, the studies are focused on starting the
induction motor with a rated power of 2000 kW, which is powered by a 6 kV switchboard
connected in series with the cable line CL2 and the current limiting reactor SR2 to Substa-
tion B. The 6 kV switchboard supplies the eleven MV induction motors with ratings from
320 kW to 2000 kW. As shown in studies [44], the current-limiting reactor SR2 has to be
selected to limit the inrush current amplitudes under the frequent starts of MV induction
motors and withstand significant repeated mechanical stresses. The catalogue data of the
induction motor of 2000 kW, which drives the feed water pump of the industrial heat and
power plant, are presented in Table 5.

Table 5. Catalogue data of the feed water pump induction motor.

Parameter Unit Value
Rated power, Py, MW 2.0
Rated voltage, U, kV 6.0
Rated current, I, A 240.0
Starting coefficient, Ky - 6.5
Rated speed, 1, r.p.m. 2975.0
Efficiency, 1 % 95.0
Inertia moment, | kg-m2 38.5
Power factor, cos ¢ - 0.85

As the induction motor starts the feed water pump, the motor inrush current ampli-
tude increases approximately 5-6 times the nominal current amplitude depending on the
industrial grid configuration. The transient current of the feeder is a sum of the starting
motor current and currents of the MV motors connected to the switchboard and increased
as a result of the busbar voltage sag. Ultimately though, despite the rotors’ slowdown of
the motors, Ultimately though, despite the rotors’ slowdown of the motors, the impact of
these currents on the feeder transient current during the starting motor of the feed water
pump is insignificant. is insignificant. The technological procedure of the starting water
pump begins with a closed stamping valve and an opened suction valve on of pipeline
and the motor can be switched on only after checking the abovementioned conditions
and venting the feed water pump. While the feed water pump reaches the running speed
(after stabilization of rotational speed), the suction valve is opened, and the load of the
feed water pump slowly increases to full load: the pump efficiency and its power increase.
The procedure ends with a full opening of the stamping valve. In the case of the water
pump shutting down, a technological procedure begins by closing the stamping valve and
turning off the operated motor.

The 6 kV switchboard powering the feed water pump motor is implemented as 14 bays,
which supply the auxiliaries of the CHP plant and are equipped with an ATS unit with
digital protections on each feeder. The automatic switching on of the reserve power supply
of the switchboard is realized between two sections of Substation B. The switchboard
busbars feed 8 boiler induction motors, 4 with a power rating of 320 kW and the remaining
4 with a power of 500 kW, as well as 3 induction pump motors with power ratings of
630 kW, 900 kW, and 2000 kW.

4.2. Emergency Synchronous Generator Trip Analysis

An emergency event was registered within the analysed true industrial grid caused by
starting a powerful induction motor when the grid’s synchronous generator was under
manual control conditions. The deep analysis of the synchronous generator G1 tripping
during the starting of the induction motor of the feed water pump has proved that the
event was a result of the voltage sag caused by the motor starting current lasting about 5 s.
During the motor starting, the voltage regulator of synchronous generator G1 was operated
in manual mode (instead of automatic mode) due to the failure of the automatic voltage
governor circuit. At the time of the synchronous generator G1 tripping, the industrial grid
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was operated with two synchronous generators, G1 and G2, each with active power equal
to 25 MW and with an additional power supply from Substation A (see Figure 2). In normal
conditions, the voltage governor of each synchronous generator is set to automatic mode.
Thus, the voltage on the busbars of Switchboard B is kept between 6.20 to 6.36 kV, thus
ensuring the reactive power demand of Substation B loads. The 6 kV switchboard load
before the starting of the feed water pump induction motor was registered at about 3 MW
and 1.70 MVAr. During the starting of the feed water pump induction motor, the voltage
values on the operated synchronous generators and 6 kV switchboard were recorded by
the protection system and are presented in Table 6.

Table 6. The values of voltages during the starting of the feed water pump induction motor.

U [kV]
The Measurement Point : - -
Before Starting During Starting
Synchronous generator G1 6.28 5.02
Synchronous generator G2 6.25 6.15
6 kV switchboard 6.22 4.96

During the starting of the feed water pump motor, the voltages on sections of the main
Substation B were dropped and that caused an emergency tripping of the synchronous gen-
erator G1. Within the DPSG device of the synchronous generator G1, the protection relays
had activated, which act as the trip of the machine by switching off the GCB (Generator
Circuit Breaker), ECB (Exciter Circuit Breaker), and, in consequence, closing TV (Turbine
Valve). After the time delay of At > 2 s, the protections of overcurrent (OCP), undervoltage
(UVP), and generator loss of excitation (ELP) were initiated. In addition, the signal relay of
the unbalanced generator current (UCP) and stator fault protection (SFP) were active. In
the cabinet of the DPSG device of synchronous generator G2, the signalisation from the
undervoltage (UVP) was activated too. Still, it did not cause the tripping of the operated
synchronous generator G2. To identify the reasons for the emergency tripping of the syn-
chronous unit, the power plant staff carried out the necessary visual inspection and review
of the G1 unit with measurement devices. The main event logs from digital protection
devices and their time delays for synchronous generator G1 are presented in Table 7.

Table 7. The event logs from DPSG of synchronous generator G1.

Time Delay of Relay Protection Protection Relay Type Protection Relay Event
ocCrp activation
At [s]: 00:00-01:00 ELP activation
UCP activation
ocCrp activation
ELP activation
At [s]: 01:00-02:00 UCP activation
UVP activation
SFP activation
OCP action
UVP action
ELP action
UCP activation
At[s]: > 02:00 SFP activation
GCB switching off the GCB
ECB switching off the ECB
TV closing the TV

After inspection, the staff of the industrial heat and power plant decided to resyn-
chronize generator G1 with the industrial grid in the manual control mode function of the
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voltage governor. At that time, the staff obtained information that the feeders and devices
supplied by the other motors from the 6 kV switchboard were operated and none of them
had switched off despite voltage sag. Nevertheless, the signal of undervoltage protection
relay activation (UVP) had registered on the protection devices of the motor. The induction
motor, which was being started, was switched off by undervoltage (UVP) and overcurrent
protection (OCP).

4.3. Modelling the Industrial Grid

Figure 3 presents a block diagram of the examined industrial grid model developed by
the Sim Power System and Electric Drives libraries of the Matlab R2017b Simulink Software
package. The following electrical equipment, devices, and motors from Figure 1 of the
power grid single-line diagram were modelled with appropriate equivalent circuits and
blocks and calculated by equipment catalogue data from Table 1, Table 2, and Table 5.
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Figure 3. Block diagram of the industrial grid model.

The synchronous generator equivalent was implemented as a three-phase machine
block, modelled in the d-q rotor reference frame. The generator exciter and voltage control
system are modelled by the AC1A Excitation System block. It models an AC unit with
a diode rectifier to produce the field voltage Uy required by the Synchronous Machine
block. The implemented block is an adaptation of the AC1A excitation system of the IEEE
421 Standard Definitions for Excitation Systems for Synchronous Machines and exhibits
good stability when starting the motor. The AC1A excitation system block was used instead
of the AC4A and DC2A control systems because it provides better stability in less than
3 s and the field voltage U reaches its limit without saturating in the distinction of the
other models. Moreover, the results obtained with the AC4A and DC2A models are less
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efficient: the system takes more time to stabilize, and the stabilization of terminal voltage
U; is obtained after 6 s.

The external power supply system is the equivalent of a bulk power system and
Substation 110/6 kV operated with a direct grounded neutral point of the HV winding. The
examined industrial grid operates with an ungrounded one. The grid reactors are modelled
as equivalent R-L elements. The three-phase induction motor in the discussion was imple-
mented by a three-phase induction machine model with a squirrel cage and was loaded
by mechanical torque modelled by a Step block. The remaining three-phase induction
motors were implemented as one block with appropriate equivalent parameters [45]. The
3-phase loads supplied from the 6 kV grid busses were implemented by 3-phase equivalent
blocks from the Sim Power System library, which is characterised by active P and reactive
Q powers and by nominal phase-to-phase voltage U0, = 6000 V and nominal frequency
from =50 Hz.

Transients caused by motors starting in the examined industrial power grid under
study are characterized by significant variations in the time constants and natural frequen-
cies of the equivalent circuit loops. Hence, automatic step recalculation using the ode23t
solver was implemented to solve the model differential equations. The initial value of the
step was taken as 0.5 ms. Applying that kind of solver provides the required accuracy and
optimizes the time for solving model equations.

4.4. Results of Simulations and Discussion

The transient simulations during the starting water pump induction motor in the
examined power industrial grid were modelled for two types of control modes of the
synchronous generator G1 voltage regulator: automatic and manual. They were carried
out under the same load conditions as the grid. All of the feeders are treated as feeders
supplying the static loads and induction motors. Thus, starting the water pump induction
motor affects the synchronous generators’ behaviours and the grid’s voltage stability.

At the first step of the research, the simulation transients when starting the grid
induction motors were carried out. During the simulations, the impact of the resulting
grid capacity on the voltage sags when starting induction motors of various ratings was
analysed. The induction motor of each capacity was modelled on the base of the appropriate
catalogue parameters and the load of the centrifugal pump.

The resulting grid capacity depends on the operating configuration of the industrial
grid, which can include 3 possible options, where supplying the 6 kV switchboard is carried
out by the following:

External bulk grid transformer 110/6 kV;

External bulk grid transformer 110/6 kV and generator G1;

External bulk grid transformer 110/6 kV and generators G1 and G2. Both generators
G1 and G2 are operated with the automatic control of the excitation system.

Figure 4 shows an example of a simulation of starting the 2.0 MW feed water pump
induction motor at the described grid configuration options. It has been proven through the
simulations that power supplying auxiliaries of the industrial CHP only by the external bulk
grid results in considerable voltage sag on the 6 kV switchgear bus of equal to 5.6 kV when
starting the water pomp induction motor. That makes it impossible to start the induction
motor for 2.5 s because of tripping the machine due to the undervoltage protection relay
action. The presented situation also causes the risk of stoppage for the operating devices
and other motors supplied from the 6 kV switchboard because of the decline in the bus
voltage.

Operation of synchronous generators G1 and G2 within the industrial grid configu-
ration which are controlled in automatic mode considerably improves the voltage profile
on the 6 kV substation bus when starting the DOL motor. The residual voltage on the bus
increases to 6.0 kV when starting the motor when generator G1 is operated within the grid
configuration. In the case of generators G1 and G2, which are connected to the Substation
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B bus, the residual voltage increases to 6.1 kV. The starting time reduces and the motor
requires approximately 2.3-2.6 s to achieve a rated speed condition.

Grid without generators Grid with generator G1 Grid with generators G1 and G2
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Figure 4. Transients at starting 2.0 MW feed water pump induction motor under various grid
configurations.

Further, in the simulations, the analysis of transients has been carried out when starting
other motors used within the industrial grid and having the following ratings: 2000 kW,
1000 kW, 800 kW, 630 kW, and 200 kW. The trials were conducted for the described previous
grid configurations. The results of the simulations are summarised by dependencies in
Figure 5. According to the requirements of Norms and Standards, for example, IEC 61000-2-12,
PN EN 50160, UIE, and CENELEC [46], the meanings of per unit voltage sags in Figure 5 are
calculated as the minimum RMS values of the sags during the disturbances and related to the
rated voltage.

12.0
Voltage sag, % C
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b Y
40 '
poeLl . @ -
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b
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Figure 5. Voltage sags when starting induction motors of various ratings in the examined industrial
grid configurations: (a) added generators G1 and G2 (red curve); (b) added generator G1 (blue curve);
(c) without generators (green curve).

As the diagram presents, an increase in the induction motor rating results in the
magnification of the voltage sag on the industrial grid buses. Moreover, the presence of
synchronous generators operating in the industrial grid under study significantly reduces
voltage sags on the grid busses when starting induction motors and alleviates an adverse
impact on other devices and equipment of the industrial grid.
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Generator G1 under automatic control

The next part of the research captures the study of the impact of the generator voltage
control methods on the transients during the motor starting. In the first experiment, the
motor starting was realised within the industrial grid configuration comprising the bulk
power system supply and generators G1 and G2 with automatic control of the exciter
voltage. In Figure 6a,b, one can see transient graphs of the experiment, where starting
the induction motor in the fifth second causes voltage sags on the buses of synchronous
generators G1 and G2, and their voltage controllers force the changes in field current to
support voltages on the generator buses (Figure 6¢). With automatic voltage control of the
generators, the current from starting the induction motor does not cause significant voltage
sags on the buses where the synchronous generators are connected. The voltages on the
buses of generator G1 and generator G2 drop to 6.20 kV and 6.25 kV, respectively. In the
shown example, the voltage regulator of generator G1 increases the field current during
the sag to support the voltage on the generator bus. The voltage sags during the starting
of the induction motor do not cause activation of DPSG protection relays of synchronous
generators G1 and G2.

Generator G1 under manual control
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(c) Field currents of synchronous generator G1
Figure 6. The transients in the grid generators under automatic and manual controls of generator G1.

In the case of manual voltage control of synchronous generator G1, the motor starting
causes the synchronous generator to trip after acting the DPSG relays. When transient,
the generator G1 voltage drops to 5.02 kV and the generator G2 to 6.16 kV, as presented
in Figure 6a,b. Exceeding the protection time settings of 2 s as well as the settings of
overcurrent and undervoltage relays with values of 1.21,y, and 0.83U 01, respectively,
causes the tripping of synchronous generator G1. The field current value set under manual
voltage control of generator G1 for the pre-transient state does not allow supporting the
generator G1 voltage at the required level during the motor starting. Thus, the motor
starting cannot be carried due to the lower voltage in the 6 kV switchgear.

Comparing the simulation results with the event log data for the emergency tripping
of the generator when starting the 2 MW induction motor in the industrial grid under study
from Tables 6 and 7, one can note satisfactory agreement with the registered values.
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5. Conclusions

The presented article focuses on the problem of power compatibility of powerful induc-
tion motors in medium-voltage industrial grids with internal synchronous generators. The
problem of starting induction motors is widely known and always of practical interest since
the influence of the transients on the surrounding electrical equipment operation in the grid
during the start of the motors depends on many factors that are related to the grid design
and protection and control of the equipment. The analysis of the operational experience
showed distinctive features of the transients when starting motors in real industrial grids
containing internal synchronous generators, which can cause deep voltage sags, which
negatively affect the operation of other equipment in the industrial grid. The excitation
current variation rate of the industrial grid generator, as well as the depth and duration of
the voltage sag on the bus during motor starting, depend not only on the technical data of
the motor but also on the grid configuration and the type of generator control.

The operation of real industrial grids is accompanied by technological changes in their
configuration and the operating conditions of individual generators, which causes different
transient behaviours when the same motor is started. Incorrect selection and setting of the
generator control and protection systems can cause the generator to be tripped. The real
case of emergency tripping the industrial grid generator presented in the text of the article
was carefully analysed and studied by the authors through the simulation and comparison
with the registered log data of the event.

During the research, the authors developed a novel mathematical model based on
Matlab/Simulink Software that ensures the possibility of studying features of transients in
such industrial grids, considering the true characteristics of generator control and protection
systems. In the framework of the model, a designer can analyse how the control modes
of generators in such grids impact the nature of transients and the operation of generator
protection systems when starting induction motors comparable with the industrial grid
generator capacity. As shown by the comparison of simulation results with the logged grid
operating values and generator protection activation events during one of the starts of a
powerful motor in the true industrial grid, the developed model ensures high adequacy of
the results in the field of the considered studies.

The main findings of the conducted research can be summarized as follows:

e  The availability of synchronous generators within the industrial grid supports better
motor-starting conditions and lower voltage sags on the grid busses;

e  To start the large motors in an industrial grid containing synchronous generators,
their control has to be set to automatic mode to prevent emergency tripping the grid
equipment or generators;

e  The low excitation current in the manual control mode of the synchronous generator
during the long-lasting starting of large motors may provoke significant disturbances
in the grid operation when protections of grid units are not properly coordinated;

e  Settings of the generator protection system under-voltage and over-current relays
have to be selected after a thorough analysis of the possible starting transients within
the grid;

e  Voltage control of an internal synchronous generator in normal operating conditions
of the industrial grid must be carried out in automatic control mode; manual voltage
control mode shall be only used during the generator synchronizing to a bulk power
grid or just for the generator testing or inspection;

e  Proper simulations of motor-starting transients in industrial grids containing internal
generators can only be provided by adequate consideration of generator excitation
control and protection systems, as well as the inertia characteristics of the grid motors
and generators;

e  Careful analysis of transients when starting large induction motors allows for devel-
oping requirements for configurations and operating conditions of industrial electrical
grids aiming to ensure a smooth and trouble-free operation of the facility, where such
motors are usually used to drive critical processes and equipment.
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