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ABSTRACT

In the modern power systems advanced automation is the first choice for all operations.
At the same time when the automation level is advanced, safety and security are also
vital. In this thesis automatic voltage control between two active controllers is analysed
with all needed safety interlocks and limiters. The switching operations in a grid can
result in large voltage fluctuations for which the power plant controllers need to be
smoothly designed/adjusted so that there is minimum impact on the power plant equip-
ment and its auxiliaries. The aim of this thesis is to achieve smooth operation between
the transformer IED and generator automatic voltage regulator. With the IED it is possi-
ble to control voltage level through the transformer tap changer. The generator automat-
ic voltage regulator controls the output voltage level of the generator. The purpose is to
respond to grid voltage fluctuations which are caused by reactive load demands.

When grid voltage varies the automatic controls should react in a smooth way so that
the transformer IED changes tap position automatically to large voltage fluctuations and
the generator automatic voltage regulator responds to smaller voltage fluctuations. This
action is achieved by setting right parameters to the transformer IED’s automatic volt-
age control function. The automatic controllers that are going to be used are RET670
transformer IED and generator automatic voltage regulator Unitrol.

The thesis includes a theoretical study about generator, step-up transformer and protec-
tion systems used in Wartsila power plants. The thesis studies also RET670 and Unitrol
product manuals. The results are achieved by communication and meetings with power
plant system experts, product specialists and information gathered from product manu-
als. Testing of results are done with Matlab/Simulink Wartsila Power plant model. The
results show that automatic voltage control is possible. This thesis gives a guideline for
a real case power plant project were automatic voltage control is going to be used.

KEYWORDS: Automatic voltage regulator, on-load tap changer, automatic voltage
control
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ABSTRAKT

I moderna kraftverk ar avancerad automatisering det framsta valet for alla operationer.
Nar automationsnivan ar avancerad ar sékerheten och reliabiliteten det viktigaste.
Denna avhandling behandlar automatisk spanningsregulation mellan tva automatiska
styrenheter samt alla deras nodvandiga sékerhetssparrar. De omkopplingar som gors i
ett elndt kan resultera i stora spanningsvariationer dér kraftverksstyrenheter smidigt
maste regleras sa att kraftverksutrustningen och dess hjalpmedel paverkas minimalt.
Syftet med denna avhandling ar att uppna en smidig samverkan mellan transformatorns
reld och generatorns automatiska spanningsregulator. Med relét ar det mojligt att styra
spanningsnivan genom transformatorns lindningskopplare medan generatorns
automatiska spanningsregulator styr spanningsnivan hos generatorn. Malet &r att svara
pa elnatets spanningsvariationer som orsakas av reaktiv belastning.

Nar spanningen varierar bor de automatiska styrenheterna reagera pa ett smidigt satt sa
att transformatorns rela byter position pa lindningskopplaren vid stora
spanningsvariationer och generatorns automatiska spanningsregulator verkar pa mindre
spanningsvariationer. Denna samverkan uppnas genom att stalla in ratt installningar pa
transformatorns reld som styr den automatiska spanningsreglerfunktionen hos
lindningskopplaren. De automatiska styrenheter som kommer att anvéndas ar RET670
transformatorns reld och generatorn automatiska spanningsregulator Unitrol.

Examensarbetet innehaller en teoretisk studie om generatorn, transformatorn och
relaskydden som anvands i Wartsilas kraftverk. Avhandlingen studerar ocksa RET670
och Unitrols produktmanualer. Resultaten har uppnatts genom kommunikation och
moten med kraftverksexperter, produktspecialister och genom information som samlats
fran produktmanualerna. Resultaten ar simulerade med Wartsila kraftverks modell i
Matlab/Simulink. Resultaten visar att automatisk spanningskontroll & mgjligt. Denna
avhandlings anvisningar kan anvéndas nar automatisk spanningskontroll ska anvandas i
ett kraftverksprojekt

NYCKELORD: Automatisk spanningsregulator, Automatisk spanningskontroll,
lindningskopplare



1 INTRODUCTION

1.1 Company introduction: Waértsila

Wartsila is a global leader in complete lifecycle power solutions for the marine and en-
ergy markets. By emphasizing technological innovation and total efficiency, Wartsila
maximizes the environmental and economic performance of the vessels and power
plants of its customers. In 2014, Wartsila net sales totaled EUR 4,779 million with ap-
proximately 17,700 employees. The company has operations in more than 200 locations
in nearly 70 countries around the world. Wartsila is listed on the NASDAQ OMX Hel-
sinki, Finland. Wartsila has three main areas of business: Energy solutions, Marine Solu-

tions and Services & Support.

Wartsila Energy solutions is a leading global supplier of flexible baseload power plants
of up to 600 MW operating on various gaseous and liquid fuels. Wartsila portfolio in-
cludes unique solutions for peaking, reserve and load-following power generation, as
well as for balancing intermittent power production. Wartsila Energy solutions also
provides LNG terminals and distribution systems. In addition to the technical ad-
vantages, Wartsila fast track deliveries of complete power plants, together with long-
term operation and maintenance agreements, provide Wértsila customers with complete
solutions— in urban areas as well as in the most demanding remote environments. As of
2014, Wartsila has 55 GW of installed power plant capacity in 169 countries around the

world.

1.2 Thesis background

Power generation requires control, protection and monitoring. The goal is to keep stable
grid frequency either 50 Hz or 60 Hz. Stable frequency is achieved by running an en-
gine by a constant speed. System output voltage is determined by the grid demand.

Generator voltage is controlled with excitation. To control excitation current, an auto-



matic voltage regulator (AVR) is used. A step-up transformer is used to increase the
voltage from Medium Voltage (MV) -system to High Voltage (HV) -system. An on-
load tap changer (OLTC) is applied on the secondary winding (HV) of the step-up
transformer. The OLTC enables that tap changing can be operated under voltage and
load. Tap position is changed depending on the secondary voltage to keep the primary
voltage at the correct level. The secondary voltage changes depending on the grid condi-
tions. Today transformer tap changer control is manual in Wartsila power plants. My
role was to investigate the use of automatic tap changing control instead of manual con-
trol. Prediction of my thesis is that in the future tap changing would be automatic and
the operator does not have to control the tap changer manually by pushing raise or lower

button in the power plant control system.

1.3 Obijective, scope and structure of the thesis

The subject for this thesis was provided by Wartsil4 Finland Oy, Energy solutions, Project
services. The objective for the thesis is to achieve automatic voltage control between two
active controllers. This is achieved by using RET670 Intelligent Electronic Device (IED)
for the step-up transformer tap changer control and to make a smooth interface between the
RET670 IED and the generator AVR. It is important to keep the MV-system steady to
protect the equipment at LV-system. The thesis will also investigate the advantages and

disadvantages with automatic voltage control.

RET670 IED that is already used for transformer differential protection and tap chang-
ing in Wartsila power plants. The tap changing commands raise or lower is done manu-
ally through Supervisory Control And Data Acquisition (SCADA) system from a re-
mote place or locally directly on the RET670 relay. RET670 includes an automatic tap
changing control function block that could be implemented and it would be possible for

Wiartsila to start using this function instead of manual control.

Wartsila synchronous generators have brushless excitation systems that are controlled
by an AVR Unitrol 1000-15 or Unitrol 1020. Unitrol keeps the generator in its limits



and enables load sharing of parallel running generators. The power plant control method
depends on whether the power plant will run isolated from other systems (Island Mode)
or as utility system connected to for example national grid (Parallel Mode). In Parallel
Mode the active power control with frequency support is used for the engine, which
means that the engines will have a steady output and respond to frequency fluctuations.
The generator AVR uses power factor control in Parallel Mode. In Island Mode the en-
gine is run in isochronous load sharing mode, which means that active and reactive
power is controlled. The generator will run in voltage droop compensation control
which means the generators share equally the reactive power by AVR communication
and the voltage at busbar is kept at nominal value.

The thesis structure is built up in the following way: Chapter 2 will describe the Wart-
sila power plant electrical system in general. The following Chapters 3-4 will explain
about the generator AVR, step-up transformer and protection systems used in step-up
units. Automatic voltage control is described in Chapter 5. Chapter 6 explains the inter-
face between generator AVR and differential relay, and the results are simulated in
Matlab/Simulink. Chapter 7 contains recommendations for further actions and Chapter

8 draws the conclusions.
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2 WARTSILA POWER PLANTS

2.1 General

Energy demand increases continuously. The use of fossil fuels creates carbon emissions
that lead to global warming and this has resulted in concerns about the future. By using
renewable sources like wind and solar, carbon emissions will be reduced. The problem
with wind and solar power is that the power they produce depends on weather condi-
tions. By making power systems adjustable, able to maintain dynamic capacity, and ca-
pable to handle frequent fast starts, stops and load ramps the Wértsil& engines can be

combined with renewable sources (Power Plants Solutions 2014).

ENERGY
EFFICIENCY

P BN
FUEL OPERATIONAL
FLEXIBILITY FLEXIBILITY

Figure 1. Wartsila smart power generation with energy efficiency, fuel flexibility and
operational flexibility (Power Plants Solutions 2014).

2.2 Power plant electrical system

The majority of power plants are used for base load production in industrial applications
as well as in utilities. In addition, they are used as standby and emergency power
sources. Power plants can be used for both Island Mode and Parallel Mode with grid.

The structure of electrical system depends on type of application, plant capacity, and
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grid or consumer connection as well as on the technical solutions (Waértsila ELWIS

(ElectricalWisdom) 2015).

The power plant electrical system consists of equipment for:

e Power generation
— Generators
e Power distribution
— Switchgears
— Transformers
— Cables
— Earthing
e Control, supervision and protection of above mentioned systems

In the following figure, we see a picture of a typical power plant electrical system ar-

rangement.

1. Engine generator sets

2. MV switchgear

3. Step-Up transformer

4. Switchyard

5. Engine auxiliary equipment
6. Common auxiliary equipment
7. Auxiliary transformer

8. LV switchgear

9. Variable frequency drive

10. DC system

1. Black start unit

12. Neutral point cubicle

13. Ventilation unit

14. Control room

Figure 2.  Typical arrangement of a power plant (Wartsilda ELWIS (ElectricalWisdom)
2015).

The electrical system is divided into three different systems depending on voltage level.
High voltage (HV) 35 kV to 230 kV, Medium voltage (MV) 1 kV to 35 kV and Low
voltage (LV) 0,1 kV to 1 kV. Parallel running generating sets are usually connected to
the MV switchgear. The advantages with multiple parallel connected generating sets are
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reliability, flexibility, expandability, ease of maintenance and serviceability, cost effec-
tiveness and quality performance. Short-circuit current limits the number of generators
that can be connected to the same bus. In Fig. 3 a typical single line diagram of electri-
cal system in a power plant is shown. In the single line diagram there are two MV bus-
es, and each MV bus has six generators. The MV buses are connected to the HV bus
with step-up transformers. Auxiliary transformers are connected to the MV bus and

steps down the voltage to 400 V from 15 kV for the LV equipment.

110kV

115KV Nornal Grid operathy voltage leves UIS-120 kv HV

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

15kv

400v FEEDERS FDR COUIPWENT RELATED TO BLOCK A FEEDERS FOR EGUIPWENT RELATED TO BLOCK 3

Figure 3. A single line diagram of a power plant electrical system (Wartsil4d 2015a).

The following chapter will describe the generator and transformer used in Wartsila

power plants.
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3 GENERATOR AND STEP-UP TRANSFORMER

This chapter will tell about the generator and step-up transformer that are used in Wart-

sila power plants.

3.1 Generator technical information

Synchronous generators are used in Wartsila power plants. The generators shall be con-
structed according to 1ISO and IEC standards. IEC stands for International Electrotech-
nical Commission (IEC) and I1SO stands for International Organization for Standardiza-
tion (1SO). Standards that have to be approved when selecting a generator are listed in

Appendix 1.

The standard generator shall be capable of operating when the power factor cos ¢ varies
between 0,95-0,8. The power factor is the ratio between real power (kW) and apparent
power (KVA). The closer to 1,0 the power factor is the better the capability of the gener-
ator to transfer energy to the load are. The standard network frequency is either 50 Hz
or 60 Hz depending on the location. Standard MV voltage levels are 6 kV, 11 kV, 15
kV for 50 Hz and 6,6 kV or 13,8 kV for 60 Hz. The nominal engine speed depends on
frequency and the number of poles in the generator. For example, if frequency is f = 50
Hz and number of pole pairs P = 4 the rotation speed of engine will be N =f - 60 s/4 =
750 rpm. For example, Wartsila 34SG nominal speed is 750 rpm. The ambient tempera-
ture of the generator is 50 °C and the maximum temperature rise is 90 °C. Medium
speed generators have two ring lubricated sleeve bearings with self-lubrication and
cooling. The protection class for enclosure is IP 23 when a generator is running and IP
20 when it is in standby mode. The standard rotating direction is counter clockwise
(Wartsila ELWIS (ElectricalWisdom) 2015). The generator is air cooled self-ventilated
with air inlet filters cooling method ICOA1, which means the generator takes the cool-
ing air from the close environment through the air filter, through generator parts, and
exhausts it back to the environment. No external cooling systems are needed (ABB
2012a).



14

3.2 Generator excitation system

Brushless excitation system is used in Wartsila generators. The chosen system use

booster current transformers and power transformers for excitation power supply and

AVR voltage sensing. In the following figure brushless excitation system with Unitrol
1020 connection diagram is shown (Wartsila ELWIS (ElectricalWisdom) 2015).

Digital I/0s —~a—
Analog I/0s
r ----- ) e v o l
. ; UNITROL 1020 .
| = — AUX L1
UNET 3 = e AUX L2
— EEa T A
w | o203 2 ETH
— 358 =X Gag
w | | §2 T
— [ ——1—" RS-485
i PWM %ﬁ CAN
ExCap() = - X
ok 7 !
| Supply

N\%'“

T

®-0 =

s

power electronics

'

1 —e— PWRL1
jz —4— PWRL2
—<¢— PWRL3

T —.

Figure 4. Brushless excitation system with AVR Unitrol 1020 (ABB Ltd 2012).

The Unitrol 1020 measures the network voltage Une, machine voltage Uy, and machine

current In,. The excitation current I, is raised or lowered depending on the given voltage

setpoints. Ethernet, USB, CAN and RS-485 are used as communication ports.

The excitation system reliability is high and its duty is to:

e stabilize power oscillations

e share reactive power with other generators connected in parallel

e response quickly in case of network disturbance

e Kkeep the generator in synchronous mode

e operate the generator with its operating limits

e maintain the network voltage
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e maintain the generator voltage

The generator voltage is determined by the excitation current I, and the rotational speed
n. If the machine rotates at nominal speed the excitation current decides the induced
voltage Ep. In the following figure no-load characteristics operating behaviour of a syn-
chronous machine is shown. lg, (no-load field current) is raised until the generator nom-

inal voltage is reached.

Xﬂ For constant speed

Figure 5.  No-load characteristics, operating principle of synchronous machine (ABB
2007).

The generator rotor and power units of the excitation system are designed for a specific
operating point which is decided by the nominal excitation current. For the generator to
operate safely various limiters are used. Field current limiter is used to protect the gen-
erator from overload. To protect the generator from under-excitation a stability limit is
used. The theoretical stability limit is reached at a load angle ¢ = 90°. In Fig. 6 we will
see how the safe operating area is determined by over-excitation and under-excitation

limiters and the active power of the maximum engine output.
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P
I Active = AN
Stability I Power

Limit \I /-
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Rated Power

Field Current

ve operating “ Iy oo it
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Figure 6. Safe operating area of a synchronous machine (ABB 2007).

For a generator without load, the load angle is 6 = 0°. When the machine takes up active
power, the load angle increases. When the generator is operating, a force Fgrive iS gener-
ated by the rotor. To prevent the rotor from accelerating a counterforce Fsyy, is created by
magnetic fluxes influenced by excitation system to keep the generator in synchronous
mode (ABB 2007). See Fig. 7 for different load angles.

Figure 7. Defining the load angle (ABB 2007).

When active power P increases the wmech increases due to P=w-r. Maximum torque T

that can be generated is when the load angle is 90° due to T=F-r, r is the rotor radius.



17

wmech 1S the mechanical angular speed and we is the electrical angular speed (ABB
2007).

3.3 Step-up transformer

The step-up transformers purpose is to take the voltage from a generator voltage level
and “step it up” to a transmission voltage level. Step-up transformers are usually YNd
connected which means that the winding on the high voltage side is Y-connected, the
winding on low voltage side is d-connected, neutral is connected to the high voltage
side. The reason for this set-up is to keep the zero sequence impedance of the trans-
former low. Y-connection is beneficial on the HV-side, because then it is possible to
place the tap changer on neutral end which is usually solidly earthed. This leads to that
the tap changer operates at lower voltage and the voltage differences between phases
will be smaller. With d-connection the current through windings on LV-side is also

smaller because the line current is divided by the square root of three.

When choosing step-up transformer, the following four main considerations are im-
portant (ABB 2010: 46)

e Short circuit impedance

e Secondary high voltage rating

e Transformer MVA rating

e Primary low voltage rating

The ratio of a transformer can be changed by adding turns or subtracting turns from ei-
ther the secondary or primary winding. By selecting transformer tap the number of
turns in the transformer winding is selected (Vibhute, Rupali, Holmukhe, Chaudhari &
Hasarmani 2011).

The ratio can be adjusted with off-circuit tap changer or on-load tap changer (OLTC).
OLTC makes tap changing possible under load. Tap changing is usually done in the Y-

connected high voltage side of the transformer ensuring that reactive power exchange



18

between generator and power system is not restricted. VVoltage ratio of a transformer is
normally specified in no-load condition and is directly proportional to the ratio of the
number of turns in windings. When the transformer is loaded the voltage on the second-
ary side changes depending on the angle ¢ between the voltage and current, the value of
secondary current, the short circuit impedance of the transformer and its active and reac-
tive components (ABB 2010: 46).

The following figure shows the relationship between voltages in no-load and load con-
ditions. Uy is no-load voltage, U, is voltage when load is connected and AU; is the
voltage drop. u, and uy are the active and the reactive short-circuit voltages at rated cur-

rent related to the related voltage Uy This is visualized in Fig. 8.

U:q

Figure 8. Vector diagram of relationship between no-load voltage (Uyo) and load volt-
age U, (ABB 2010: 14).

Voltage drop is calculated in the following way:

AU, = I, 1-cos + I * sing + Upg — /U2, — (I, * 7 - sing — I, - x - cos¢)? 1)
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To calculate the relative voltage drop at any relative loading: n = 11—2 the following for-

2n

mula is used:
?Jﬂ = n(u, * cos@ +u, - sing) + 1,/1 — n?(u, - sing — uy * cosp)? @)
20

For example n =1 u; = 0,01 ux = 0,06 cos ¢ = 0,8 inductive

?}ﬁ =1-(0,01+08+0,06:0,6)+1— \/1 —12-(0,01-0,6 —0,06-0,8)?

20

= 0,045 ©)
AU, = 0,045 * Uy, 4)
U2 = AUZO - U2 = (1 - 0,04‘5) - UZO = 0,955 - UZO (5)

With these transformer values the voltage on secondary terminals decreases to 95,5 %
compared to the voltage level at no-load. Installation planners and users have to take in
consideration the voltage variation when specifying the transformer data. VVoltage drop
is caused by the consumption of active and reactive power in the transformer. IEC and
ANSI standards differ, in IEC the input power is the rated power and in ANSI the out-
put power is the rated power. From the following figure we can see that the voltage drop
is smaller with a bigger power factor, the voltage drop also increases when short-circuit

reactance increases (ABB 2010).
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Figure 9. Transformer voltage drop with different power factors and short-circuit re-
actances (ABB 2010).

3.4 On-load tap changing control

To meet system voltage variations an on-load a tap changer is used. The control of a tap
changer is not done by the tap changer itself, relay systems in the station are in charge
of its control (ABB 2010). The regulating range depends on the transformer. Range is
determined from the amount of steps. For example, transformer rated voltage is 115/15
kV and the tap changer is on the HV side. If tapping range is £ 9 - 1,675 % the trans-
former has 19 tap steps and the percentage is the voltage raise/drop calculated based on
the tap position on the nominal value for example 115kV. Maximum voltage is 115 kV+
(9 - 1,675 %) = 132,34 kV and minimum voltage is 115 — (9 - 1,675 %) = 97,66 kV. In

Fig. 10 transformers tap position details are shown.
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Figure 10. Voltage levels depending on tap position (Wértsila 2015a).

There are many methods to control the tap changer. Most commonly used is an AVR
device. Another way is to use an intelligent electronic device (IED). By using SCADA
it is possible to control the IED or AVR from a remote place. (Sichwart, Eltom & Kobet
2013).

The purpose of tap change control is to keep voltages at all buses in acceptable ranges.
When the generator operates at constant voltage unnecessary OLTC operations and
voltage fluctuations are avoided (Viawan & Karlsson 2008). Today Wartsila power
plants use SCADA to control the tap changer. With SCADA it is possible to give raise
or lower commands from a remote control center manually depending on measured

voltage levels.

This thesis will investigate the use of an IED RET670 for tap changing in step-up units.
The RET670 is already used for differential protection of the transformer. The IED con-
trol can be local at the substation or remote at the control centre. Control can also be
done manually at the transformer but this is not preferred, as it is normally used only for

maintenance purpose.
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RET670 relay includes an automatic voltage function block that could be used instead
of the manual control. The automatic voltage block monitors the voltage level and it
will send a message when it notifies that the MV is not in range. The message is re-
ceived by the tap changer mechanism to make a tap change position. More about
RET670 automatic voltage function block is described in Section 5.2. For short-time
voltage fluctuations a time delay can be used to prevent unnecessary tap change opera-
tions. More about automatic tap changing will be explained in Chapter 5. (Gao & Red-
fern 2010).

In the following chapter protection of MV-system will be presented. The chapter makes

it easier to understand what limits are used for undervoltage and overvoltage conditions.
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4 PROTECTION OF MEDIUM VOLTAGE (MV) SYSTEM

Protection of a MV system is needed for human safety, to protect equipment and to lim-
it the stress on connected equipment. Protection systems are also used for avoiding total
power plant blackouts. The main idea of protection system is to locate a fault as fast as
possible and disconnect the malfunctioning unit without unstabilizing the network. This
chapter will describe which protections are used in MV-systems. The protection sys-
tems and their time limits are significant for knowing the working range automatic tap

changing.

4.1 General information

Generator and transformer act as one unit when there is a fixed electrical connection
between them. Different relays trigger circuit breakers to quickly disconnect the unit
with failure to protect the rest of the system. This may cause higher voltage on the gen-
erator terminals which will lead to over-excitation of the transformer. The overvoltage
protection of the low voltage winding is important because of large difference in the
voltage and insulation levels, magnitude of transferred transients and overvoltage from
the high voltage to the low voltage side. The current is very high between the generator
and transformer. To prevent short circuits, bus ducts are used for each phase conductor.
The high current with strong magnetic fields creates circulating currents. The losses
from these circulating currents cause overheating. Therefore it is important that the bus
ducts are correctly measured at the transformer end to lessen the heating problem (ABB
2010: 47).

4.2 Protection standards

There are two different types of power system device function numbering standards.
American National Standards Institute (ANSI) and International Electrotechnical Com-
mission (IEC) (My Electrical Engineering 2012). Which standard is used depends on
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the country/location. ANSI uses numbers when IEC uses symbols. Notations of ANSI
and IEC standards are compared in Appendix 2.

4.3 Short-circuits and earth faults

The most common faults in power systems are short-circuits and earth faults. Short-
circuits and earth faults have different fault types. Fig. 12 shows one-phase, two-phase
and three-phase short circuits as well as single-phase, two-phase and double earth faults.
It also displays line break down and single phase earth fault on the load side. One-phase
short circuit means that there is short-circuit between one phase conductor and the
ground. Two-phase short circuit means that there is a fault between two phase conduc-
tors. Three-phase short circuit means that there are faults between all phase conductors.
Single-phase earth fault means that there is a fault between the ground and one phase
conductor. Two-phase earth fault means that there is a fault between two phase conduc-
tors and a fault between a phase conductor and the ground. Double earth fault means
that there is a fault between the ground and two separate phase conductors.

One-phase short circuit Two-phase short circuit Three-phase short circuit

L1 L1 L1
L2 L2 ? L2
L3 L3 L3

f Ik Ik Ik

/7 LA VAL LI
Single-phase earth fault Two-phase earth fault
L1 L1
L2 L2
L3 L3
LGNV Y87/ did

line break down and single phase earth-fault on the load side
Double earth fault Distribution transformer

Y

Figure 11. Different short-circuits and earth faults between phase conductors L1-L3
(Wartsila 2015).
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Short circuits are caused by aging of insulation, mechanical damage to insulation due to
environmental stress, arc from overvoltage (e.g. caused by lightning), and unintentional
or intentional mechanical damage. Fault currents cause arcs that can damage mechani-
cal parts and be dangerous for humans, voltages between components that are danger-
ous, disturbance voltages near to the fault, and damage to different components caused
by thermal stress. These faults lead to loss of system stability, temporary load peaks,
and undervoltage in the undamaged parts of the network. An earth fault is when a fault
between live part and earth occurs, for example, when a tree or vehicles touch the over
headlines or when the overhead lines falls down to the ground. Other causes are flasho-
vers to earthed parts, isolators with weak insulation and cable faults caused by damage
or aging (Wartsila 2015).

4.4  Generator protection

Many different electrical and mechanical faults can occur in a modern generating unit.
The amount of protection installed depends on the value of the machine and the value of
the plant output determined by the plant owner. Problems that you have to take into
consideration are the following (NPAG 2011):

e Stator electrical faults

e Overload

e Overvoltage

e Unbalanced loading

e Overfluxing

e Inadvertent energisation

e Rotor electrical faults

e Loss of excitation

e Loss of synchronism

e Failure of prime mover

e Lubrication oil failure

e Over-speeding
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e Rotor distortion
e Difference in expansion between rotating and stationary parts
e Excessive vibration

e Core lamination faults

The stator winding neutral point is usually earthed to make protection of stator winding
easier. Earthing also protects against overvoltage. High voltage generators use earthing
through impedance to limit earth fault current to a suitable level. Where a step-up trans-
former is applied, the generator and the lower voltage winding of the transformer can be
treated as an isolated system that is not influenced by the earthing requirements of the
power system. If the generators capacity is over 1 MVA differential protection is used
(NPAG 2011).

The generator is protected with a REG670 relay and a RET615 relay. The REG670 is
used for protection, control, and monitoring of generators and generator-transformer
blocks from relatively small units up to the larger generating units. RET615 is an ad-
vanced protection and control IED for two-winding power transformers and power gen-
erator-transformer blocks. The RET615 is used in back up purpose for the REG670.
Functions that are applied in RET615 and REG670 in a protection diagram of a genera-
tor are shown in the Appendix 3.

4.5  Step-up transformer protection

The transformer protection varies depending on application and importance. Different
transformer faults are the following:

e Winding and terminal faults

e Core faults

e Tank and transformer accessory faults

e On-load tap changer faults

e Abnormal operating conditions

e Sustained or uncleared external faults
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Winding failures caused by deterioration of insulation is statistically the most probable
cause for the transformer failure. On-load tap changer is the second most probable fault
instigator. Tap changing faults can depend on the malfunction of a mechanical switch-
ing mechanism, high resistance load contacts, insulation tracking, overheating, or con-
tamination of the insulating oil. The third most common is the fault on transformer
bushings which is caused by general aging, contamination, cracking, internal moisture,
loss of oil, vandalism, or wild animals (Grigsby 2007). Table 1 shows what kind of pro-

tection methods are used for typical transformer faults.

Table 1. Transformer fault types and the corresponding protections (NPAG 2011).
Fault type Protection used
Primary winding phase-earth fault Differential; Overcurrent
Secondary winding phase-phase fault Phase-phase fault differential
Interturn fault Differential, Buchholz
Core fault Differential, Buchholz
Tank fault (E;i;fﬁrential, Buchholz; tank-
Overfluxing Overfluxing
Overheating Thermal

In the following figure protection logic diagram for the step-up transformer is shown.
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Figure 12. Step-up transformer logic protection diagram with REC670, RET670, and
REF615 protection relays (Wartsilé internal 2015a).

In the logic protection diagram the protection from MV-side to HV-side is shown. The
main purpose is to protect the step-up transformer. The protection consists of REC670,
RET670 and REF615 relays.

The REC670 is used for the control, protection and monitoring of different types of
bays in power networks (ABB Ltd 2015). RET670 provides fast and selective protec-
tion, monitoring and control for two- and three-winding transformers, autotransformers,
step-up transformers and generator transformer, block units, phase shifting transform-
ers, special railway transformers, and shunt reactors. RET670 has a fast, low-impedance
differential protection function with very low requirements on the current transformers
(CT). REF615 provides feeder over current and earth-fault protection for distribution net-
works. REF615 is available in nine standard configurations and will therefore suit the most
common feeder protection and control applications (ABB Ltd 2015). The transformer also
needs a protection gas relay called Buchholz relay named after the inventor. Oil func-

tions as insulation and cooling in a transformer, so it is important to control oil level, oil
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temperature and winding temperature. Functions that are used in REC670, RET670,

REF615 and Buchholz relay in step-up transformer are shown in Appendix 4.

RET670 differential relay is used for step-up transformer protection. The RET670 has a
fast low-impedance differential protection function with very low requirements on the
CT:s. Differential relays are connected on both sides of the transformer, see Fig. 13.
(Guzman, Fischer & Labuschagne 2009).

—* CT1 CT2 --+——
Power
Transformer
I'u'l."‘l l l I'u't'?
Differential
Relay

Figure 13. Differential relay connection. (Guzman, Fischer & Labuschagne 2009)

RET670 provides fast and selective protection, monitoring and control for all types of
transformers. RET670 is capable to handle from a single up to eight parallel transform-
ers. It is also possible to protect several objects with a single RET670 for example trans-
former and its connected transmission line. RET670 tap changer control function in-
cludes line drop compensation and load shedding function. Fig. 14 shows an application
with RET670, which for instance is able to measure voltage on both sides, measure cur-

rents on bus feeders and monitor breaker statuses with a single device (ABB Ltd 2015).
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Figure 14. Application example with RET670 voltage measurement, current measure-
ment and breaker monitoring (ABB Ltd 2015).

RET670 is designed for implementing all aspects of IEC 61850 standard. IEC 61850
standard specifies communication between IEDs for the automation of substations.
GOOSE messages are used for communication between IED devices and communica-
tion from IED devices to a substation computer. IED devices consist of logical nodes.
Each logical node consists of multiple data groups and each data group has multiple da-
ta attributes. There are many benefits of using IEC 61850 standards, for example, wir-
ing can be greatly reduced and thereby the need of copper is reduced. Interoperability is
also achieved with less wiring (Sichwart, Eltom & Kobet 2013). Fig. 15 shows what
kind of different IEC 61850 logical nodes groups there are.
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IEC 61850-7-4 standardizes 91 Logical Nodes divided into 13 Logical Groups
The first letter of the Logical Node identifies the group.

Logical Group Name Number of Logical Nodes
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Switchgear
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Power transformers

Further power system equipment

N<HAXn=z=r—"00a030Tr

ORNNBONSW

—_

Wind

Solar

Hydro reserved for companion standards
Power plant

Batteries

Fuel Cells

TwWzZIOS

AL ED D
Mmpmw

© 2012 ABB Switzerland Ltd Cerporate Research ABBCH-RD

Figure 15. Logical nodes group (Sichwart, Eltom & Kobet, 2013).

GOOSE messaging has become more and more available for protection and automation
devices. Network communication between devices is more flexible than communication
by network cables. Communication can also be applied in several multifunctional IEDs.
With GOOSE messages it is possible to send a set of data attributes. Data attributes can,
for example, be circuit breaker position status value. The device that has information of
interest, sends a GOOSE multi-casted message that other devices can retrieve, and read
the sent information. (Sichwart, Eltom & Kobet, 2013)

4.6 Wartsila default relay settings

Default relay settings are defined to protect equipment. Maximum and minimum limits
define the range the generator and transformer are able to work safely. In the following
figure, Fig. 16, Wartsila default relay settings for generator are shown. Maximum ac-
cepted overcurrent is 1,12 times nominal current (inverse time). If the current is 2,5
times above the nominal current for more than 0,6 s the relay will trip instantaneously.

Maximum accepted overvoltage is 1,05 times nominal voltage and if the voltage is
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above this limit for 30 s, the relay will alarm. If it is above 1,12 times nominal voltage,

the relay will trip after 4,0 s. Minimum undervoltage is 0,95 times nominal voltage. The

relay will alarm after 30 s if voltage is under 0,95. The relay will trip after 20 s when

voltage is 0,88 times nominal.

L]

14| 1) GENERATOR RELAY SETTINGS

15

16

17 Generator rating 12163 kKVA Engine rating 9730 kW
18 Voltage 11000 WV Phase CT primary Amper 800 A
19 Frequency 50 Hz PT primary voltage 11000 V
20 Earth fault current 5A Cable CT primary Amper 50 A
21

22 VAMP 210
23 AMNSI  Symbol  Setting Primary / p.u values Time setting

24 (51 I 1,12 x In 715 A 0.894 p.u k 02

25 50 == 25xIn 1596 A 1.995 pu t 06s

26

27 " U= 1,05 x Un 11550 V 1.05 p.u t 30s Alarm

28 59 U= 1,12 x Un 12320 V 112 pu t 40s

29 Us= 14xUn 15400 V 14 pu t 20s

30

K} U= 0,95 % Un 10450 W 0.95 pu t 30s Alarm

32 27 U= 0,88 x Un 9680 V 0.88 p.u t 20 s

33

34 [32 P< 4% xPn 389 KW -0.02 pu t 20s ]
35

36 40 Q1= -30% % Sn -3649 kWAr - -0.24 pu t 20s

37 Q2= -30% xSn -3649 KWAr - -0.24 pu

a0

Figure 16. Current, over- and undervoltage, active power and reactive power generator

relay settings.

So that the right protection will work at the right time different time settings are used

for the generator, step-up transformer and the station transformer to achieve selectivity

(see Fig. 17). Selectivity means that the breaker closest to the fault should work first and

minimum time discrimination between two relays is set to 0,2 s for definite time func-

tion. Standard inverse and definite time functions are used to achieve selectivity.
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e (‘ szxln A
Overcurrent selectivity 0
Generators:
« [>1.12xIn, NI, k=0.2
« |>>2.5xIn, 0.6s
Step up transformer:
« [>1.2xIn, NI, k=0.1
* [>>2.5xIn, 0.4s
Station transformer:
< |>1.2xIn, NI, k=0.1
« |>>25xIn, 0.2s

$taton Y s

Figure 17. Protection overcurrent selectivity (Wartsila 2015b).

The blue line is the station transformer setting trips after 0,2 s, the black line is the gen-
erator setting trips after 0,6 s and the red line is the step-up transformer setting trips af-
ter 0,4 s. Generator protection shall be the last in order to cause trip. Outgoing breaker
time delay is therefore set to have lower time limit 3 s to trip before generator breaker 4

S.

59 U> 1,12 x Un 12768 V 1.161 p.u t 3s Trip Yes/MNo
27 U< 0&8xUn 9120V 0829pu 1t 10s Trip Yes/MNo

Figure 18. Switchgear over- and undervoltage protections.

When setting the generator protection settings, generator AVR settings have to be con-

sidered as PQ-limiter, under-excitation and over-excitation limiters.

The following chapter will describe automatic voltage control.
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5 AUTOMATIC VOLTAGE CONTROL

This chapter will tell about how generator and step-up transformer voltage is controlled

automatically.

5.1 Generator automatic voltage regulator

For controlling voltage level, Wartsila generators are supplied with ABB Unitrol 1000-
15 or Unitrol 1020 automatic voltage regulators (AVR). Unitrol 1020 is a newer model
with the same functions. The following operation modes that can be used are: Voltage
Droop, Power factor or Voltage Droop Compensation. (Wartsila ELWIS (Electrical-
Wisdom) 2015). Power factor control is used when operating the power plant parallel
with grid, by controlling generator excitation so that the reactive power is matched pro-
portionally to the active power. Intention of voltage droop is to control the power plant
system voltage by controlling the generator field excitation. The Voltage Droop is cal-
culated from the power plant reactive load so the bus voltage will vary as a function of
reactive load. Voltage Droop compensation (VDC) is used in Island Mode. In VDC
each generator AVR are connected to a reactive load communication bus. Each AVR
writes their own amount of reactive power to the communication bus which each AVR
reads and then calculates a common average reactive power set point. In this way reac-

tive load is shared and the voltage droop is compensated (Wartsila internal 2011).

Unitrol 1000-15 is an AVR for synchronous generators which maximum output current
is 15 A and the power input can be from an AC or DC source. Standard functions are:

e Voltage regulator with PID control algorithm

e Power factor cos ¢ regulator with PID control algorithm
e Reactive power regulator with PID control algorithm

e Excitation current regulator with PI control algorithm

e Internal digital references value

e Bumpless change-over for all modes of operation
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e Soft-start function

e Reactive current droop for network operation

e Reactive power sharing between parallel by RS-485 bus

e Volts-per-hertz limiter

e Three-step delayed maximum excitation current limiter

e Reactive current limiter as a function of active power (P/Q)

e Stator voltage limiter

e Master slave reactive power sharing

e Undervoltage detection to activate external current boost for short-circuit sup-
port

e Open-loop control of output voltage for test purposes

e Built-in step test function

e Stand-by mode for redundant backup channel system

e Alarm and trip signals

Unitrol 1000-15 has four digital inputs, four digital outputs, three analog inputs and two
analog inputs. It also has a RS-232 serial interface for PC connection and a RS-485 used
for reactive power sharing when two or more generators are connected in parallel. It has
also a CAN bus for controlling local extension devices. Unitrol has an easy panel to set
all the parameters and user-friendly software CMT1000 (Commissioning and Mainte-

nance Tool). Unitrol 1000 is displayed in Fig. 19.
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UNITROL*1000

Figure 19. Unitrol 1000 operation panel with four buttons and display (ABB2007).

The voltage can be controlled in three different modes:
e Reactive power control, Q-control (Default)
¢ Voltage control, U-control (Optional)

e Power factor control, Pf-control (Manual)

Q-control is for adjusting the amount of produced reactive power according to a set-
point by increasing or decreasing AVR voltage reference signal to reach the reactive
power production requested. Q-control requires that active power management mode is
active, remote control mode is active, and voltage control mode is disabled. The reactive
power produced is measured on the upper side of the step-up transformer. Pf-control is
intended for manual operation of individual generating sets only (Wartsila 2015).

U-control is controlling the AVR voltage set point to achieve target voltage at the sub-
station high voltage side. The following figure shows the principle of voltage control

arrangement.
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Figure 20. Voltage control set-up from a remote control centre through PLC (Wartsila
2015).

System operating voltage set point is set by RCC/operator. Voltage bias signal is given
to PLC’s. PLC voltage reference controller handles the control of the bias signal to the
Unitrol AVR with a 4-20 mA output signal setting the generator voltage reference.

Unitrol operates automatically in the voltage droop mode (Wartsila 2015).

Standard AVR systems that are offered are single channel systems and dual-channel
systems. Dual-channel systems purpose is to provide higher security in case of failure.

In the following figure parameters used in Unitrol AVR are shown.

- Mominal excitation current le Mominal  [A]
- Measuring voltage three- or single- PT [single_Phase PThs

phase g o ? [['hraB_Jhasa% T (= ] |

[Thma_::h_gr'd] 1 FTw :

- Mominal voltage of the machine UM Nominal [kV] U Primary a UM Seccndary | | Pegubaior I
- Potent. transformer, primary voltage UM Primary  [kV] I ‘IKI
- Potent. transformer, sec. voltage UM Secondary[V] I :
- Mominal machine current IM2 Nominal  [A] L I
- Current transformer primary current  IM2 Primary  [A] | wemowin i
- Current transformer sec. current IM2 Secondary[A] 19 Fcominal
- Mo load excitation current le Mo Load  [%] o Mo Load
- Ceiling factor Keeil [VV]
- Machine reactance Xq [p.u.] Xq
- Line voltage measurement (UneT) MNo scaling

Figure 21. Description of AVR parameters (ABB 2015).

The voltage level is raised by raising excitation current, see Fig. 22 (ABB 2015).
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« Excitation Current Aout 4
10 1

Caution: 0% must be less than Uout 100% —
le100% T

Uout 0%  —F

Figure 22. Voltage level depending on the excitation current (ABB 2015).

Following limiters are available for different purposes:
e V/Hz limiter
e leMinimum current limiter
e |eMaximum current limiter
e PQ limiter
e Boost-output
e UM limiter

UM limiter makes it possible to limit minimum machine voltage and maximum ma-
chine voltage. UM limiter is only available in power factor mode. Its voltage matcher
function makes it possible to raise a voltage to the level of the line voltage. In Fig. 23
minimum voltage level is 90 % and maximum voltage level is 110 %. The voltage is

raised to match the line voltage Unpe:.

[3.] 4 Setpoint AUTO
1104 Maximum____

Uner

103

Hawc:can
100

1
08 M

an ] | _Minimum

e —

-—t-——-

Figure 23. Voltage matcher (ABB 2015).

In the following picture voltage droop compensation control is shown. To share the
amount of reactive power equally of parallel connected generators the AVR units are

connected parallel in RS-485 bus. Each Unitrol device sends the amount of their reac-
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tive power to the RS-485 bus to calculate a common average reactive power set point
and compensates the voltage droop and the voltage on the busbar is kept at correct level
(ABB 2015).

Loeid A ' ’r T Load B%

- I o RS-485
| 1 i 1 |
@ AVR 1 @ AVR 2 | @ AVR 3 @ AVRE 4
| i 1
- = __\ = _ J

Primary Net = 1 Primary Net = 1

Secondary Met= 2

Figure 24. Voltage droop compensation control with four synchronous machines (SM)
(ABB 2015).

5.2 Automatic voltage control of a step-up transformer

The purpose of automatic voltage control of a step-up transformer is to make the tap
changer commands raise/lower automatic. Automatic voltage control is a function
available in RET670. RET670 is provided with manual and automatic control of single
and parallel transformer arrangements. It is also possible with automatic control or su-
pervised manual control of OLTC operations, for example through SCADA. Line drop
compensation (LDC) and load shedding are other specific voltage control functions that
can be used if necessary. Maximum circulating current, maximum load current, over-
and undervoltage, forward/reverse power and reverse OLTC action are power system
functions that can be monitored. Tap position, OLTC command and response are func-

tions that can be supervised.

The automatic voltage control function is built by the following two IEC61850 logical
node function blocks:

e TRI1ATCC for single transformer control

e TRBATCC for parallel transformer control
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Tap changer control and supervision is done by following two IEC61850 function
blocks:

e TCMYLTC with 6 binary inputs
e TCLYLTC with 32 binary inputs
The following function block is required for communication:

e VCTRRCV to receive remote goose messages

TCMYLTC and TCLYLTC works as an interface between the automatic voltage con-
trol and the transformer tap changer. It gives commands to motor driven load tap chang-
ers and receives information about tap position. It also gives information about tap posi-
tion to the transformer differential protection. TRBATCC input and output signals are
explained in Fig. 25 TCMYLTC input and output signals are explained in Fig. 26.

Grouped analogue input

signals for transformer TREATCC ﬂ
W1/W2 current and A13M ATCCOUTS
A13P2 MAN®
W2 bus voltage. A U2 AUTOa
) ® BLOCK [ELKe
Use 8ms prepreocessing » MANCTRL POTFWDS Range of VCTR outputs
blcoks ® AUTOCTRL PLTREVE
® PSTD QGTFWDe related to alarm or
® RAISEV QLTREVe i
L overy REVACHLK blocking states for cur.rfant,
& EAUTOELK UHIGH® voltage & power conditions
» DEELKALT ULOWe
. . ® LVAT UELK®
Binary inputs for Load - VAl HOURHUNT
; ® LVAS DAYHUNT®
Voltage Adjustment e HUNTING
command ® LVARESET SINGLE® , L
& RSTERR FARALLELS Single / Parallel, indication
: . : : ® DISC TIMERONe
Binary inputs for mc\us_\on - Q0N HOMINGe
of reactive compensation { . u%cn ADAFT®
‘ i ® Q30N TOTELK®
in calculation of |, » SNGLNOIE AUTORLK®
s TINCLD MASTERS
i i i & T2INCLD FOLLOWER® o
Binary inputs for dynamic e T3NCLD MFER:A Master follower indications
inclusions of 1to 8 ® T4NCLD OUTOFPCS®
: ® TEINCLD LUGTUPPOES
transformers in the parallel * TeNoLD UL TLOWOES
group  T7INCLD CONMERRe
& TEINCLD ICIRCe
. ® FORCMAST TRFDISCe
Master selection { ® RSTMAST VTALARMe
£ ATCCIN TIPGe
. A HORIZY TIPGe .
Grouped signals for A HORIZZ TiFGe Set of Binary outputs
. ot & HORIZ T4PGe declaring the current
horlzonta] communication ) 1, noRe Tirce ol g .
between instances of 4 HORIZS TERGe parallel transformer group
. A HORIZE TIPGe membershi
VCTR function  Hor? T3Pc P
£ HORIZS

0:1449[T:100[12

Figure 25. TR8BATCC function block input and outputs (ABB 2013).
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TCMYLTC al

i’%ﬁ'&gg ._IL‘S“\}‘,!ESE: } Raise / Lower commands
® INERR HIPOSAL®

Boolean inputs for TCIP S SR poorose Alarm outputs

and error signals ® RS_CLCNT CMDERRAL®
® RS_OPCNT TCERRAL®
® PARITY POSOUTe
) , ® BIERR CONVERR®
Binary inputs for actual tap » 1 NEWPOSe
. »El HIDIFPOS®
position of OLTC, based P INVALFOS®
on binary, gray or BCD e B4 TCPOSe
e B YLTCOUTe

code P
e MA
{ 0:1444(T:100(K1

Figure 26. TCMYLTC function block input and outputs (ABB 2013).

Fig. 27 shows an example of how the automatic voltage control is built in ABB soft-
ware PCM600.

T m] TT
IRRERENND

Figure 27. An example of automatic voltage control (ABB 2013).

The main key points of automatic voltage control is:
e \oltage setpoints and dead bands
e Tap change timing

e OLTC raise and lower commands

The principle of automatic voltage control is to measure the busbar voltage level Uy.

The measured voltage is compared to a reference value Us.
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Figure 28. Single transformer with voltage control (ABB 2015).

In the following figure the principle of automatic voltage control is presented. The prin-
ciple is to keep the power plant MV voltage between U;-U; by setting outer dead band
(AU) and inner dead band AUj,

Security

ALl AU

Y )

1 1 C)ATT TATL T
-

I I
1 1 | pe—de—y |
2 3 L 1 i | .
| ' ro_ ! ;
[; Ub!u:k U U; Us U, 18 Voltage magnitude

Figure 29. Principle of automatic voltage control with outer dead band; (AU) and inner
dead band; AUj, (ABB 2015).
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To avoid unnecessary tap switching around the set point an outer dead band (AU) is
used. AU parameter Ugeagnang Should be set near to the step-up transformer tap changer
voltage. Inside the outer dead band interval no tap changes are operated. If the meas-
ured voltage is outside the outer dead band interval longer than a specified time and the
voltage level have not come back inside on the inner dead band AU, before the speci-
fied time has run out, a tap position change command is made. The main purpose of the
specified time is to prevent unnecessary tap change operations caused by temporary
voltage fluctuations. AUj, setting Ugeagbandinner 1S fecommended to be set smaller than the
AU value. Each tap step changes voltage level with approximately 0,5 - 1,7 % depend-

ing on the step-up transformer. Uni, and Unax are used for security range for voltage
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levels. If the voltage level is under U,y different blocking conditions can be activated.
When voltage is over Upmax fast step down command will be activated which means the

tap changer makes one or more fast step changes (Constantin & lliescu 2012).

The IED can be operated remotely or from a local place by using IEC 61850 function
blocks LOCREM or LOCREMCTRL. Auto or manual control can be chosen by using
IEC 61850 function blocks AUTOCTRL or MANCTRL (ABB 2015).

The voltage control IEC 61850 function blocks also include many extra features, for
example:

e Simultaneous tap change avoiding

e Standby regulation of parallel transformer tap position even if breaker is open

e Hunting detection

e Monitoring of power flow

e OLTC number of operations and contact life counter

Simultaneous tap changing is avoided by setting parameters so that the transformer with
the greatest voltage deviation taps first and then the transformer with the next biggest
voltage deviation and so on, according to set time limits. If two transformers have equal

voltage deviation pre-setting decides which changes tap first.

Hunting detection is when tap changers operate many times in a short interval. General
hunting detection monitors tap changes during the past hour or day. Sliding hunting de-
tection monitors the number of successive commands in opposite directions. The num-
ber of operations can be adjusted in settings before an alarm occurs. In Fig. 30 hunting

detection settings are shown.

HourHuntDetect 0-30 Op/H 1 30 Level for number of counted raise/lower
within one hour

DayHuntDetect 0-100 Op/D 1 100 Level for number of counted raise/lower
within 24 hour

fWindowHunt 1-120 Min 1 60 Time window for hunting alarm, minutes.

NoOpWindow 3-30 Op/W 1 30 Hunting detection alarm, max operations/
window

Figure 30. Hunting detection (ABB 2014).
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Blocking is used to protect the tap changer from damage in case of any power system
failure. Three different methods are used (Constantin & Iliescu 2012).
e Total block
- Any tap changer operation is blocked
e Partial block
- Blocks tap changer operations in one direction for example RAISE or
LOWER
- Auvailable in both manual and automatic control mode
e Automatic block
- Automatic voltage control disabled
- Tap changer can still be controlled manually

Blocking is used in cases when, for example, voltage rises or drops dramatically. It is
also possible to block automatic tap change control temporary or to reduce the voltage

setpoint.

5.3 Voltage control for parallel transformers

Parallel control means control of two or more transformers connected to the same bus-
bar. To operate transformers in parallel increases security and reliability of supply (Gao
& Redfern 2010). Parallel operation requires the same phase-angle difference, voltage
ratio, percentage impedance, polarity and phase sequence (Guzman, Fischer & La-
buschagne 2009). There are different methods for parallel control. With RET670 up to
eight transformers can be operated parallel. The following methods for transformer par-
alleling can be used for RET670.
e Master-follower control

- All transformers operate on the same tap as the transformer which is se-
lected to be master

e Circulating current control
- Transformers do not need to have identical tap steps
- Minimizes the circulating current between transformers
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e Reverse reactance control
- Transformers do not need to have identical tap steps

- Minimizes open circuit voltage and circulating current between trans-
formers

- Primary windings need to be connected directly in parallel
- Each transformer has its own protection system with AVR function

- Best suited for emergency conditions and for applications in which the
load magnitude and load power factor do not vary significantly
e The VAR balance method

- Minimizes the differences between reactive loads as a fraction of rated
power or the load power factors of the transformers operating in parallel

- Transformers do not have to have identical steps and does not have to
have primary windings directly in parallel

e Power factor balance method

- Minimizes the difference between reactive loads as a fraction of rated
power or the load power factor of the transformers operating in parallel

- Transformers do not have to have identical steps and does not have to
have primary windings directly in parallel

Reverse reactance method do not need to have exchange of signals and measured values
between transformers or between the transformer and a central control unit because
transformers does not need to have identical tap positions and each transformer has its
own protection system. But the disadvantage with this method is that the voltage control
will be affected by changes in the load power factor. The disadvantage of the master-
follower method is that it is mostly limited to applications with similar transformers.
The advantage of the circulating current method is that it handles unequal transformers
in a smart way. Master-follower relies on communication from master to follower to
send commands or tap position between IEDs. The selection of master is defined by the
user via input FORCMAST in the configuration. The advantage with master-follower
mode is that the followers blindly follows the master and in that way it is impossible for
the tap changers to gradually differ and end up in opposite end positions. In the follow-

ing figure master-follower selection is shown.
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Figure 31. Master-follower selection principle in Protection and Control IED Manager
(PCM) (ABB 2013).

It is also possible for the follower to read tap position of the master and adapt to the
same position or to an offset position. It is also possible to time delay one or more fol-

lowers.

The transformer paralleling can be done in two different ways. The first way is that the
automatic tap changing control (ATCC) is integrated with protection and control in a
single IED for each transformer. Required information for circulating current and mas-
ter-follower method communication between devices is done by IEC61850-8.1 protocol
and exchange of analogy and binary data IEC Goose messages are used. Up to eight
transformers can be used in parallel in this way. In Fig. 32 it is shown how two RET670
communicate through IEC61850-8.1. The two RET670 also communicate with three
RECG670 devices.
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REC670 RECS70 REC6T0

LA

IEC 61850-8-1

RETE70 REJ670

Figure 32. ATCC and transformer protection IEDs separate for each transformer (ABB
2013).

The second way of transformer paralleling control is that only one IED is used and no
external communication links are needed. The problem with this alternative is that the
current transformer and voltage transformer wiring has to be brought to the same loca-

tion. A backup IED can also be used, see Fig 33.
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Figure 33. Four transformers control integrated into one single RET670 with a backup
device (ABB 2013).
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5.4 Key factors

Key factors which need to be studied and taken care of when automatic tap changer

control is used:

e Tap changer fault

e Voltage collapse

e Voltage stability problems
e Circulating currents

e Inrush currents

e Turn-to-turn faults

If a load tap changer fails to operate, the voltage will remain at a level which can result
in an undervoltage or overvoltage condition for a longer time. In case of misoperation it
may cause the system to start an undervoltage or overvoltage condition. Undervoltage
and overvoltage conditions lead to reduced performance, reduced service life and possi-
ble failure of equipment. In RET670 there are signals called tapChgError (tap change
error) and cmdError (command error) which are activated when a tap positions is not
changed thus of raise or lower command, for example if there is a mechanical fault and
the tap changer is stuck. The tap changer position is measured by tap changer control
and supervision (TCLYLTC) IEC 61850 function block. Tap changer position is con-

tinuously monitored and when there is a fault an alarm is given.

OLTC will strain to keep the voltage at nominal value. In case of voltage instability the
tap changer can cause a voltage collapse with several tap changes. To prevent voltage
collapse from happening, tap locking, tap blocking and tap reversing functions are used
(Baalbergen, Gibescu & van der Sluis 2011).

Voltage stability problems can be reduced in several ways. There are several methods:
e Must-run generation
- Use uneconomic generators to change power flow or provide voltage
support during emergencies

e Series of capacitors
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- Series of capacitors used to shorten long lines i.e. decreasing the net re-
active loss
e Shunt capacitors
- Used to free spinning reactive reserve in generators
e Static compensators
- Effective in controlling voltage and preventing voltage collapse but has
very exact limitations that have to be recognized
e Operate at higher voltages
- Decreases reactive demand keeping generators away from reactive power
limits
e Secondary voltage regulation
- Automatic voltage regulation of certain busses which controls co-
ordinately the total reactive power in these areas
e Undervoltage load shedding
- Most effective in steady-state problems
e Lower power factor generators
- Using a generator with power factor 0,8 or 0,85
e Use generator reactive overload capability
- Delay voltage collapse until operators change dispatch or restrain load
when reactive overload is modest overload capability must be defined in
advance to be most useful

Abilities of transformer protection relays to detect internal faults during inrush current
conditions are limited. Common harmonic blocking is often used to detect inrush cur-
rents. It has, however, a long trip delay and this can lead to transformer damage. Inde-
pendent harmonic restraint is a faster way to detect inrush current faults but, it is slower
to detect other faults. The negative-sequence differential element has high sensitivity to

detect turn-to-turn faults (Guzman, Fischer & Labuschagne 2009).

Unequal no-load voltages appear when the voltage angle or amplitude differ. When U, #
U, an electromotive force (EMF) appears and causes a circulating current Iy, that flows
through the windings. The magnitude and angle of the circulating current is determined
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by short-circuit impedances Z. The circulating current formula (Eg. 6) indicates how the

current depends on the difference between no-load voltages U; and Us:

St (6)

|
ker Zg1—Zg2

Formation of circulating currents is shown in Fig. 34.
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Figure 34. Parallel operation of transformers creates circulating currents (ABB 2015).

By modern relays with time synchronised measurement and custom logic it is possible
to minimize circulating currents. By minimizing circulating currents transformer losses
and overheating is reduced (Guzma, Fischer & Labuschagne 2009). In RET670 there is
also the CirrCurrBI (circulating current blocker) function that alarms/blocks tap chang-

er when circulating currents are too high (ABB 2015).

In this chapter, it is shown that RET670 is already designed to handle several problem-
atic situations that can occur. Next chapter will describe how smooth interface between
generator AVR and RET670 could be achieved.
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6 RET670 AND GENERATOR AVR INTERFACE

The following chapter will describe settings that have to be used for automatic voltage
control. The settings will also be simulated in the Wartsila power plant simulation mod-
el.

6.1 Parameter settings

Wartsila power plants can be used for different purposes, for example, as base load and
emergency power plants. The network grid conditions usually depend on the coun-
try/location. In countries with strong network grids there are less voltage fluctuations
and automatic voltage control is easier to handle. Acceptable voltage levels for trans-

mission grids are usually between the following values:

e 110 kV: 106-123 kV
e 220 kV: 200-245 kV
e 400 kV: 370-420 kv

The purpose is that the generator AVR and step-up transformer tap changer takes care
of these voltage fluctuations automatically so that equipment does not get damaged. In
the following figure, principle of a power plant voltage control set up is shown. Each
generator has a Unitrol 1000-15 AVR and each step-up transformer has RET670 differ-

ential relay.
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Figure 35. Voltage control set up with generator AVR and RET670.

With RET670 it is possible to measure voltages on both sides of a transformer. In relay
settings or via SCADA you can choose automatic or manual control voltage control. If
transformers are run parallel it is possible to select master-follower or circulating cur-
rent mode. In automatic mode the TRIATCC IEC 61850 function block handles the
voltage control. In manual mode it is possible to control the voltage locally by the relay

or from a remote control centre (RCC), for example SCADA.

Using the step-up transformer OLTC automatic control (RET670) at the same time with
generator AVR can result in hunting between two voltage controllers which is not desir-

able as this will result in unnecessary mechanical operations that wear the tap changer

mechanism.

In Fig. 36 generator voltage limits and step-up transformer tap changing ratings are
seen. Generator max voltage is 1,1 - 15 kV and minimum voltage is 0,9 - 15 kV which
makes the generator voltage range from 13,5 kV to 16,5 kV. Step-up transformers has

19 voltage steps and the voltage range is from 97,66 kV to 132,34 kV.
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HV SIDE/UP POOL-115 kv

LV SIDE/AP POOL-15 kV

400V

2y
%; VgﬂégE CURRENT/VOOL  [A] V%HéEE CURRENT/VOOL  [A]
2| [k ONAN ONAF [kV] ONAN ONAF
e T 132,34 | 192,0 318,5 15,00 | 16936 2809,8
2 | 130,41 194,8 323,2
3 | 12848 | 1977 328,0
4| 126,56 | 200,7 333,0
5 | 12463 | 2038 338,2
6 | 12270 | 207,0 343,5
7 | 12078 | 2103 349,0
8 | 11885 | 2137 354,6
15KV 9 116,93 217,3 360,5
10| 1500 | 2209 366,5 15,00 | 16936 2809,8
11| 113,07 | 2247 72,7
12 | 111,15 | 2286 379,2
13 1109,22 | 2328 385,9
a (%) 14110729 | 2368 392,8
15 | 10537 | 2411 400,0
8 [] L= L e e L] 15 | 103,44 | 2456 4074
Max voltage 1.1%15 kv 17 | 101,52 250,2 415,2
Min voltage 0.9%15 kv
18 | 99,59 2531 423,2
19 | 97,66 260,1 431,5 15,00 | 16936 2809,8

Figure 36. Voltage limits for step-up transformer and generator AVR.

Unitrol AVR controls generator voltage and RET670 controls the step-up transformer.

In Table 2, automatic voltage control settings of RET670 are shown. Usg sets the volt-

age reference point which the measured voltage is compared t0. Upeagband @Nd Upeadbandin-

ner S€tS the limits voltage is allowed to deviate from the Us, value.

Table 2. Automatic voltage control settings of RET670 relay (ABB 2015).
Name Values (Range) Unit Step Default Description

USet 85.0-120.0 %UB 0.1 100.0 \Voltage control set voltage, % of rated
voltage

UDeadband 02-90 %UB 01 1.2 Outer voltage deadband, % of rated
voltage

UDeadbandInner 0.1-9.0 %UB 0.1 0.9 Inner voltage deadband, % of rated
voltage

Umax 80 - 180 %UB 1 105 Upper lim of busbar voltage, % of rated
voltage

Umin 70-120 %UB 1 80 Lower lim of busbar voltage, % cf rated
voltage

Ublock 50 - 120 %UB 1 80 Undervoltage block level, % of rated
voltage
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The right RET670 automatic voltage settings have to be set depending on the power
plant system. In the following figure it is illustrated how transformer dead bands could

be set, to smoothly operate with the generator voltage range.

generator transformer deadband transformer innerdeadband
voltage range Ub

Figure 37. Dead band settings.

The generator AVR will maintain the MV voltage level firstly. When voltage exceeds
transformer dead band a tap change command will be made. The protection relays for
the generator alarms in 30 s if the voltage is more than + 5 % of nominal value, for ex-
ample 15 kV. Step-up transformers voltage range depends on the transformer and it is
normally about +10 % of nominal value, for example 115 kV. Transformer inner dead
band and transformer dead band shall be set according to what generator voltage range
IS going to be used. For example, if the MV-voltage level is 15 kV and we have a trans-
former tap changer with + 9 - 1,675 % tapping range. Generator voltage range could be
setto 2 - 1,675 = 3,35 % (two tap steps). To avoid hunting transformer dead band could
be set 3,35 % + 0,5 % = 3,85 % and -3,35 % - 0,5 % = - 3,85 % and transformer inner
dead band to 3,35 % - 0,5 % = 2,85 % and - 3,35 % + 0,5 % = 2,85 %. Fig. 38 shows

the calculated dead bands and voltage values.
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Figure 38. Dead band settings.

The closer the nominal voltage the generator runs, the better it is for the generator, so
two tap steps should be enough to avoid hunting. The generator working area can be
enlarged to £ 5 %. After £ 5 % protection devices will start to alarm. If wider range is
going to be used protection settings have to be readjusted; transformer time delay shall
be set so that the OLTC does not notice short voltage fluctuations and so that the gener-
ator has time to react. To validate this | have run an OLTC transformer in Wartsila
Matlab/Simulink power plant model. The target of the simulation model is to run differ-

ent cases and check what voltage and time limits shall be used.

6.2 Matlab/Simulink simulation

To study generator AVR behaviour with step-up transformer, | have used the Wartsila
Matlab/Simulink power plant model. The main level of this Simulink model is based on
a Wartsila 2032 engine with coupling, generator, AVR, measuring units and electrical
system. The Simulink model parameters can be configured through Matlab configura-

tion file. In Fig. 39 main level of power plant simulation model is shown.
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Figure 39. Main level of simulation model with engine, generator, AVR, PMU (Power
Monitoring Unit) and grid system.

The power plant model consists of blocks that represent the engine, generator and AVR
used in Wartsila power plant. In the model | have built an electrical system containing a
transformer with OLTC. The engine, generator and AVR blocks are kept unchanged. In
control unit and M1 unit you can choose operating mode of the power plant, possible

operating modes are:

e Speed/ load control
- Speed droop control mode
- Isochronous load sharing mode
- kW control mode
e Voltage control
- Voltage droop mode
- Voltage droop compensation control mode

- Power factor control mode
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I have run the model in kW control mode with voltage droop mode. The electrical sys-
tem | built consists of a three phase OLTC regulating transformer, auxiliary load, load,
and programmable voltage source simulating grid voltage. In Fig. 40 you can see a
three-phase OLTC regulating transformer, B1 and B2 buses that measures the voltages
on both side of the transformer, a programmable voltage source on the left side, load
and auxiliary load. The three-phase OLTC measures the voltage from B2 and from the

Tapl indicator the tap position can be read.

From

Ew B o0

& c
Three-Phase OLTC
Regulating Trangformer

TE o
Aux
% Lot Load

Rememberto adjust the Gend voltage reference s that busbarvoltage become nominal,
There isa votlage dop overthe bus

e

120 kv 1

Figure 40. Electrical system with OLTC, grid and loads.

The transformer LV is set to the same voltage level as the generator output. The genera-

tor technical characteristics are the following:

Table 3. Generator technical characteristcs.
Rated apparent output [kVA] 11264
Rated voltage [kV] 11
Rated frequency [Hz] 50
Rated Speed [rpm] 750
Rated power factor 0,8
Rated active power [kW] 9011
Stator resistance 0,00225
Synchronous reactance in d-axis [p.u.] (u) 2,137
Transient reactance in d-axis [p.u.] (s) 0,305
Subtransient reactance in d-axis [p.u.](s) 0,195
Synchronous reactance in g-axsis [p.u.] (u) 1,0171
Subtransient reactance in g-axis [p.u.] (s) 0,220
Stator winding leakage reactance 0,166
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Generatior inertia [kgm®] 2350
Engine inertia + Coupling inertia 1130

The generator output voltage is 11 kKV. The step-up transformer with OLTC raises the
voltage from 11 kV to 120 kV. The OLTC has 17 tap steps from -8 to +8. The initial tap
position is 0 and each voltage step is 1,25 % per tap. In the following figures ( Figs. 41
& 42 ) the transformer and OLTC settings are shown.

"3/ Block Three-Phase OLTC Regulating Tr X
Three-Phase OLTC Regulating Transformer Yg/(D1) -17 positions (mask)

The On Load Tap Changer (OLTC) uses a tapped winding (regulation winding) in
series with winding 1(Yg) to vary the U1 voltage in 16 DeltaU steps from tap -8
to +8 (17 positions). Tap position 0 corresponds to nominal voltage ratio.
The transformer voltage ratio U2/U1 (in pu) is given by:

U2/U1= 1/ (1+TapPosition*DeltaU)

where:
-8<=TapPosition<=+8
In automatic mode, ('Voltage regulator’ 'on'), the signal applied at the 'vm'
input is monitored and the voltage regulator asks for a tap change if:
abs(Vm-Vref)>DeadBand/2 during a time t > Delay.

Parameters

Show ‘OLTC and Voltage Regulator parameters '|

Voltage step DeltaU per tap (pu)
0.0125

Initial tap position

0

Tap selection time (s) (typical 3-10s)

10

Tap transition time (s) (typical 40-60 ms)
0.06

Transfer resistances (ohms)
5

Voltage regulator ‘on

Voltage regulator [ Vref(pu) DeadBand(pu) Delay(s)]
[1 0.0610.0]

[ OK H Cancel H Help H Apply

Figure 41. OLTC and voltage regulator parameters.

The following parameters can be adjusted in settings:, the amount of how much the
voltage changes per tap step, initial tap position, tap selection time (how long time it
will take to change tap), tap transition time, transfer resistances and voltage regulator
parameters. U IS the reference value against which the measured value is compared.
DeadBand parameter is the range in which the tap changer does not work. Delay param-
eter is the time value that decides how long time the measured value can be outside the
dead band.
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"4 Block Parameters: Three-Phase OLTC Regulating Transformer {&J
Three-Phase OLTC Regulating Transformer Yg/(D1) -17 positions (mask) “

The On Load Tap Changer (OLTC) uses a tapped winding (regulation
winding) in series with winding 1(Yg) to vary the U1 voltage in 16 Deltal
steps from tap -8 to +8 (17 positions). Tap position 0 corresponds to
nominal voltage ratio.
The transformer voltage ratio U2/U1 (in pu) is given by:

U2/U1= 1/ (1+TapPosition*Deltal))
where:

-8<=TapPosition<=+8

In automatic mode, ("Voltage regulator’ 'on'), the signal applied at the
'Vm' input is monitored and the voltage regulator asks for a tap change if:

abs(Vm-Vref)>DeadBand/2 during a time t > Delay.

Parameters

Show ‘Transformer parameters

Nominal power and frequency [ Pnom(VA) Fnom(Hz)]:
[73e6 50]

Winding 1 (Yg) [V2(Vrms Ph Ph) R1(pu) X1(pu) ]:
[120e3 0.002 0.06]

Winding 2 (D1) [V2(Vrms Ph Ph) R2(pu) X2(pu) ]
[11e3 0.002 0.06]

T

Tapped regulation winding [Rt(pu) Xt(pu)]
[ 0.003 0.09] ]
Magnetization branch [Rm(pu) Lm(pu)]
[300 300]

; Simulate saturation:

[ OK H Cancel H Help H Apply

Figure 42. Transformer parameters.

The adjustable parameters in the transformer settings are; transformer nominal power
and frequency, winding voltage, resistance and reactance, regulation winding resistance

and reactance, and magnetization branch.

The voltage regulator works so that it will ask for a tap change if |Un - Uyt | > dead
band/2 during a time delay t. Uy, is the measured voltage, U, is the reference value. All

values are in pu (per unit). The following values were set:

Uref 1
time delay 10
dead band 0,06
voltage step 0,0125

So for example if the measured voltage is 1,04 pu |Up, - Urer | = 0,04 and dead band =
0,06 / 2 = 0,03 the voltage regulator will make a raise command to the tap changer after
the time delay has passed. The aim of the simulations is to show that:

e When grid voltage is above 1,03 pu or under 0,97 pu the OLTC shall operate af-
ter the given time delay

e If voltage drops suddenly under 0,7 pu the OLTC shall not work
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e When grid voltage varies from 0,97 — 1,03 pu the OLTC should not operate

In the first simulation, the grid voltage raises to 1,1 pu from 1,0 pu. The voltage level is
over 1,03 pu and the OLTC should operate. The simulation results are shown in graphs,
the first graph shows the high voltage in pu value, second graph shows the medium
voltage in pu value, and the last graph shows the tap position. On the x-axis we have

time in seconds.

112

11

High Voltage
—1.08
S

=
® 1.06

>
S 104
o

> 102

IS

Tap position

o kN

o

50 100 Time (seconds) 150 200

Figure 43. High voltage raises to 1,1 pu tap position changes from 0 to 5 and medium
voltage decreases so it comes inside dead band.

From the simulation results we see that the tap changer makes 5 tap steps from the ini-
tial position of 0 to 5 until the MV is inside the set dead band value 1,03 pu. The tap

changing time is 10 s delay + 10 s selection time = 20 s.

In the second simulation, voltage drops from 1,0 pu to 0,7 pu. The three-phase regulat-
ing transformer block does not contain any over- or undervoltage blocking so to simu-
late blocking | have modified the voltage regulator block. In Fig. 44 is shown how the

voltage regulator block is built. In Fig. 45 the results from this simulation are shown.
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Figure 44. Operation diagram of voltage regulator functions.

The voltage regulator works so that measured voltage Umes is subtracted from the set
reference value Uref. If the subtracted value is not inside the dead zone value, then the
tap position moves up or down, depending on if the subtracted value is positive or nega-
tive. | added relational operating blocks to simulate blocking conditions so that the tap
changer does not operate in overvoltage or undervoltage conditions, in this case when

voltage is over 1,2 pu or lower than 0,75 pu.

High Voltage

Medium Voliage

Tap position

o
@

-1
0 50 100 Time (seconds) 150 200

Figure 45. High voltage drops to 0,7 pu OLTC does not operate.
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From the simulation results we see that the high voltage drops to 0,7 pu. Because the
undervoltage limit is set to 0,75 pu, the OLTC does not operate.

In the following case voltage is between 1,03 pu and 0,97 pu. The values are inside the

dead band so the OLTC does not operate. The results are shown in Fig. 46.

High Voltage

Medium Vottage

Voltage [pu]
o
&

05

=)

Tap position

o
o

-10 50 100 Time (seconds) 150 200

Figure 46. OLTC raises to 1,03 and drops to 0,97, no OLTC operation.

The following simulations show cases with different initial tap positions. In following

figure the voltage drops to 0,95 pu from 1,0 pu and initial tap position is 4.

High Voltage
0

Medium Voltage

$
095
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Figure 47. High voltage drops to 0,95 and initial tap position is 4.
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From the simulation results we see that the OLTC makes five steps from tap position 4

to -1 and the medium voltage rises to 0,97 pu.

In the next simulation the initial tap position is set to 8 and the voltage level falls to 0,95

pu from 1,0 pu, see Fig. 48.
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Figure 48. High voltage drops to 0,95, initial tap position is 8.

From Fig. 48 we see that MV increase until it comes inside the dead band. The tap posi-
tion moves down 8 steps from 8 to 0. From the simulation we see that in Fig. 47 only 5

tap position changes were made compared to eight in Fig. 48.

Simulation results show that it is important to choose the correct initial tap position and
by correct dead bands and right time delays it is possible to avoid hunting and unneces-
sary tap operations. The initial tap position has to be decided according to the usual grid
voltage level, so that the OLTC operations can be minimized. The dead band and time
delays have to be decided according to how fast the OLTC shall operate. For example in
grids with stable voltage level, the dead band and time delays could be set narrower. In
grids with larger voltage fluctuations, dead bands and time delays could be set larger. In
the simulation model the generator AVR runs in voltage droop mode. The generator
AVR does not interfere with the OLTC. For further works it could be investigated if we
need the generator AVR to control voltage level. The following figure illustrates the op-
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erating scheme of automatic voltage control based on the results. This operating scheme

is a guideline of how the automatic voltage could work. The operating scheme tells

when the OLTC shall operate automatically. This operating scheme can be used when

designing upcoming projects were automatic voltage control is an option.
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Automatic voltage control

Only
manual
control

“, allowed by grid operator

YES

iy Voltage level in
between +/- 5% of

™, reference value

YES

Itage level over or unde|
+/- 5 % but inside +/- 20 %,

OLTC operate

J

Figure 49. Operating scheme of automatic voltage control.
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7 RECOMMENDATIONS

This chapter will give recommendations for the projects where there is a requirement
for automatic voltage control. After studying product manuals and having meetings with
product experts it was clear that RET670 could be used as an automatic voltage control-
ler by setting right dead bands and time delays. Correct dead bands and time delays

need to be chosen based on the power plant application and operation methods.

My recommendation is that there should be a real case pilot project where the automatic
control is used. In the pilot project the settings and limits should be set in close coopera-
tion with ABB well in advance. It is very important to collect the requirements of the
plant operational needs and the allowable tolerance well in advance before starting the
design to make sure that the controller and its functions are correctly selected and de-
signed. Before keeping the automatic controller in use it is very important to have a
through testing and commissioning with several operational scenarios to make sure that
it works correctly. In case of misoperation it should be possible to change to manual

mode.

The simulation model shows good results. The simulation model electrical system is
quite simple and could be built more advanced with for example feeders, several gen-
erators and transformers and relay function blocks to compare it to a real case scenario.
The more complex system you build the more time it takes to simulate it. So to get more
time value several simulation cases should be run on a fast network computer. To model

different relays for example RET670 would be interesting for future works.

During my thesis work some development ideas came into mind. Communication be-
tween Unitrol 1000-15 and RET670 devices is not currently possible. If communication
would be possible between these two devices it could be so that Unitrol 1000-15 asks
RET670 relay for a tap change. Another idea that came in to mind is that it could be
nice to set several dead bands with RET670. Now it is only possible to set one dead
band. What also could be investigated is if we need the generator AVR to control volt-

age level.
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8 CONCLUSION

The aim of the thesis was to use RET670 relay instead of separate AVR. The second
aim was to achieve automatic voltage control. During my thesis the RET670 was taken
to use for both transformer protection and tap changing but the tap changing was still

done manually.

There are many things to consider by taking automatic voltage control into use in power
plants. The first thing to check is if it is allowed by the grid operator. The second is to
study the grid fluctuations. In grids with usually little fluctuations the automatic voltage
control should operate with no problems and correct parameters like voltage dead bands
and time delays are easier to set. By setting dead bands and time delays you have to
consider how much the generator operating range should be and how fast the OLTC
shall operate so unnecessary tap changes is avoided. If grid voltage is steady quite small
generator operating range could be used. In grids with larger fluctuations it can be

smarter to use a broader voltage range to save OLTC from wearing.

In this thesis it is proven that the RET670 relay can take care of most problems, for ex-
ample tap changer malfunction, hunting, circulating currents etc. RET670 is also capa-

ble of handling several transformers run in parallel.

The simulation results show that the generator and step-up transformer can cooperate
but more simulations or real case testing has to be done. At the moment there is not any
ongoing project to test automatic voltage control. The automatic control should be con-

sidered in upcoming projects.
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9 SUMMARY

The goal of this thesis was to achieve automatic voltage control in a power plant. To
achieve automatic voltage control two active controllers has to cooperate smoothly.
Firstly this thesis describes about how Wértsila Power plant electrical system is built.
To understand how voltage is controlled in a power plant, the thesis contains theory
about the generator and the step-up transformer. After the generator and step-up trans-
former theory, protection system chapter describes how the generator and transformer
are protected and what default relay settings are used. Chapter 5 tells about the automat-
ic voltage regulation with the generator and step-up transformer. Chapter 6 is about how
different parameters should be set so the generator AVR and Step-up transformer OLTC
can smoothly cooperate. Finally the results are tested with Matlab/Simulink power plant

simulation.

This thesis gives you a great understanding about the electrical system of a power plant
and how the voltage level is controlled. The result of this thesis shows that automatic
control in a power plant is possible by choosing right parameter values. By choosing
correct dead band values and time delays the generator AVR and step-up transformer
can smoothly operate together and automatic voltage control of a power plant is
achieved. The results of this thesis are theoretical and should be verified with practical

tests before on site applications.
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APPENDIX

Appendix 1. Generator standards

IEC60034 Rotating electrical machines

ISO 8528 Internal combustion engine driven alternating current generating sets
ISO R773 Rectangular or square parallel keys and their corresponding keyways
ISO R774 Taper keys with or without gib head and their corresponding keyways
ISO R775 Cylindrical and 1/10 conical shaft ends

ISO 2768 General tolerances

ISO 1940 Mechanical vibration-balance quality for rotors in a constant (rigid) state
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Appendix 2. IEC standards compared to ANSI standards (Csanyigroup 2010).
Description ANSI 1EC 60617 Description ANSI IEC 60617
Overspeed relay 12 Inverse 'i"r:::‘;‘::::"" 51G
Underspeed relay 14 Dcﬁ:;::g‘:::::'a:’"" SIN
Distance relay 2 El W"ﬂm'::::fﬁr;m"ﬁ 51v uirs
Overtemperature relay 26 Power factor relay 55
Undervoltage relay 27 @ Overvoltage relay 59
Directional overpower 32 e Neutral point displacement 59N -
relay P> relay m
Underpower relay 37 Earth-fault relay 64
Undercurrent relay 37 E] Directional overcurrent relay 67 '7:_
Negative sequence relay 46 E Directional carth fault relay 67N ;_'_.:
Negative sequence voltage
g oy tag 47 [E] Phase angle relay 78
Thermal relay 49 Autoreclose relay 79 0—=>1
lnstamane:ud_;;vercumnt 50 IE] Underfrequercy relay alU
I i I>
nverse tu:\: l:yvercumnt 51 Overfrequency relay 810
Differential relay 87 [E




Appendix 3.

REG670

RET615

Appendix 4.

RECG670

RET670

[51]
[50]
[46]
[51V]
[67N]
[51N]
[50N]
[59]
[27]
[59N]
[81H]
[81L]
[32]
[40]
[24]
[87G]
[78]
[49]
[87CT]
[60FL]
[50BF]

[51]
[50]
[87G]
[50BF]

[51]
[67]
[50]

[87T]
[64]
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Functions for generator protection

AC inverse time overcurrent relay
Instanteous overcurrent relay
Reverse-phase or phase-balance current relay
Voltage dependent overcurrent
Directional earth fault
Non-directional earth fault
Non-directional earth fault
Overvoltage

Undervoltage

Ground fault overvoltage relay
Overfrequency
Underfrequency

Directional power

Loss of field relay

Over excitation

Differential generator

Pole slip

Thermal overload

Differential current transformer
Voltage transformer fault
Breaker failure relay

Time overcurrent relay
Instanteous overcurrent relay
Differential protection generator
Breaker failure relay

Step-up transformer protection

AC inverse time overcurrent relay
AC directional overcurrent relay
Instanteous overcurrent relay

Differential protective relay for transformer
Ground detector relay



e REF615

[50]
[51]
[51N]
[50N]
[87CT]
[50BF]

e Buchholz relay

[97QT]
[49T]

[26QT]
[99QT]
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Instanteous overcurrent relay

AC Inverse time overcurrent relay

AC Inverse time overcurrent relay for network
Instanteous overcurrent relay for network
Differential protective relay for current transformer
Instanteous overcurrent relay for breaker failure

Bucholz relay for oil temperature
Transformer thermal relay

Apparatus thermal device of oil temperature
Oil level indicator



