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ABSTRACT

Emergency load shedding for preventing frequency degradation is an established practice all
over the world. The objective of load shedding is to balance load and generation of a particular
Power System. In addition to the hydro and thermal generators each with less than 100 MW,
today, the Power System of Sri Lanka is comprised of three coal Power Plants: each has a
generation capacity of 300 MW, Yugadanavi combined cycle Power Plant (300 MW generation
capacity) and a considerably extended transmission network. To cater consumers with high
quality electricity, a reliable Power System is a must. Therefore, it has become timely necessity
to review the performance of the present CEB Load Shedding Scheme and suggest amendments
where necessary.

The objective of this research is to explore a better Under Frequency Load Shedding Scheme
(UFLSS) which can face probable contingencies and maintain stability of the system while
catering more consumers. The suggested UFLSSs can address the recent changes taken place in
the Sri Lanka Power System too.

A simulation of the Power system of Sri Lanka was designed with software PSCAD. Its validity
was checked through implementing actual scenarios which took place in the power system under
approximately-equal loaded condition and by comparing the simulated results and actual results.
Then a performance analysis was done for the Ceylon Electricity Board (CEB) Under Frequency
Load Shedding Scheme which is being implemented in Sri Lanka. Having identified the
drawbacks of the CEB Under Frequency Load Shedding Scheme, the new UFLSSs (LSS-I and
LSS-1II) were suggested.

The Load Shedding Scheme — I (LSS-I) is designed based on power system frequency and its
derivative under abnormal conditions. Without doing much modification to the prevailing
UFLSS, and utilizing the available resources, the suggested LSS-I can be implemented.

The LSS-II gives priority for 40% of the system load for continuous power supply, and it is
comprised of two stages. During the stage-I, approximately 30% of the load is involved with the
Load Shedding action. During the stage-II, the disintegration of the power system is done. This
involves the balance 30% of the load. At 48.6 Hz the disintegration of the power system takes
place. By disintegrating the power system at the above mentioned frequency, all islands as well
as the national grid can be brought to steady state condition without violating the stability
constraints of the Sri Lanka power system. During disintegration of the Power System, special
attention must be paid for:

e Generation & load balance in each island and in the national grid.
e Reactive power compensation in islands and in the national grid.

e Tripping off of all isolated transmission lines (which are not connected to effective
loads).

Through simulations the effectiveness of the UFLSSs were evaluated. They demonstrate better
performance compared to that of the currently implementing CEB scheme. Results highlight that
the UFLSS should exclusively be specific for a particular Power System. It depends on factors



such as power system practice, power system regulations, largest generator capacity, electricity
consumption pattern etc.
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1.

INTRODUCTION

Both electric utilities and electricity consumers are becoming increasingly concerned about the

quality and reliability of electric power while having a healthy (stable) power system.

Newer-generation load equipment, with microprocessor-based controls and power
electronic devices, i1s more sensitive to power quality variations than the equipment used
in the past.

The increasing emphasis on overall power system efficiency has resulted in
continued growth in the application of devices such as high-efficiency, adjustable-speed
motor drives and shunt capacitors for power factor correction to reduce losses.
Consumers have an increased awareness of power quality and reliability issues. They are
becoming better informed about such issues as interruptions, sags, and switching
transients.

Many things are interconnected in a network. Hence a failure of any component in the

integrated processes or system, can have a considerable impact on the system itself [1].

As a developing country, still Sri Lanka possesses a small power system with an average

maximum demand of 2100 MW that occurs around 8.30 p.m. As a result of the word wide

development in the microprocessor-based controls and power electronic devices, information and

communication technologies, the consumers also tend to go for/with them due to many reasons.

As explained before, these equipment are more sensitive to power quality variations than the

equipment used in the past. As examples:

A basic laptop computer (may be manufactured in China) can go out of order, if the
supply power frequency is not within its rated limits. Since the users are usually office
staff, university graduate and under graduate students, people in the research oriented
disciplines, entrepreneurs etc., the outcome may be very bad.

Various production processes equipped with power electronic applications, may be
affected very badly and can worsen this situation. As a solution the consumers can go for
equipment such as voltage regulators etc. Due to very high production cost, price of their
produce may not be in the affordable range. Therefore it has become a national

requirement to facilitate the consumer with a quality and reliable electricity supply so that



they can reduce their production cost. This paves the path to help the manufacturers and
to develop the production and manufacturing sector in the country.

e There is a trend to generate electricity based on non-conventional and renewable energy
sources such as wind, bio-mass, solar power etc. Even though wind and solar are very
good sources of energy, they are with high variability and uncertainty. Therefore the
power system must be ready to accept electricity based on such sources, when it is

available. This causes the system power to move both directions (forward and reverse).

Due to the continued push for increasing productivity, manufacturers want faster, more
productive and more efficient machinery. To avoid such situations discussed above where the
consumers can get disturbed very badly, the utilities/ authorities should concern more about the
quality and reliability of electric power. In other words, the economy of a country highly

depends on the quality and reliability of that country’s electrical power system.

A mismatch between generation and demand can lead the power system unstable [2] - [3]. This
mismatch may be due to,

e Sudden increase of generation than the load — if the power consumption is much less than
the power generation, unless the Automatic Generation Control (AGC) System acts to
rapidly reduce generation, there will be a critical situation which may even leads the
system to a collapse of the entire generating system.

e Sudden deficit of generation than the load — if the electricity consumption is much higher
than the power generation, unless the AGC system acts fast and produce more electricity,

there will be an emergency situation, and a failure is possible.

A disturbance (general) can be identified as: ‘An undesired variable applied to a system that
tends to affect adversely the value of a controlled variable [4]. It can be categorized in to two
major categories.
They are:

¢ Load disturbances — Small random fluctuations super imposed on slowly varying loads

e Event disturbances — Faults on transmission lines due to equipment malfunctions or

natural phenomena such as lightening.



— Cascading events due to protective relay action following
severe overloads or violation of operating limits.

— Generation outages due to loss of synchronism or malfunction.

As explained in [4], load disturbances are a part of the system normal operating conditions. In an

operating power system, frequency and voltage are always in a state of change due to load

disturbances. Any departure from normal frequency and voltage, due to a load disturbance, is

usually small and requires no explicit power plant or protective system response. Occasionally,

however, major load disturbances which can be considered as event disturbances do occur.

These may cause situations such as:

Under frequency

Over frequency

widely varying frequency
reduced system voltage
increased system voltage

widely varying voltage on the power system.

Generation deficit is one of the main issues that may occur in the power system of Sri Lanka.

This can be identified as an event disturbance. Due to generation deficit, the most possible,

significant and immediate outcomes are under-frequency situation and reduced-system-voltage

situation. Effects of under-frequency on the power system in turn are undesirable. They are:

generators get over loaded

speed is below normal

cooling is below normal

system voltages are likely to be low
generator excitations get increased

increased possibility of thermal over-load of stator & rotor

These effects may lead the unit trip due to:

stator over heating

rotor over heating



e over-excitation

e under-frequency (Volts/Hertz)

Further, due to short of generation in the power system, tripping of any unit can start a cascading
of unit trips leading to a black-out condition. Even though a sufficient spin-reserve is available, if
proper co-ordination is not there in the power system (such as AGC), still it can lead to a
cascading of unit trips. An evidence for such a situation is ‘a breakdown of a conductor in the
switch-yard, in the Kelenitissa power station’ that led to a total collapse of the Sri Lanka power

system in 2009.

Even though the fault is cleared the power system can’t be brought back to normal quickly,
rather the system should be brought to normal state integrating the total grid part by part. It is a
process which consumes several hours to be back to normal [5]. Hence such situation can disturb
the consumer in different ways. Due to loss of power,

e Production of various items can get halted

e In certain processes not only the production is stopped, the raw materials used also won’t

be reused.
e Idling of man-power (skilled and unskilled labor).

¢ Due to delayed supplies other linked projects also get interrupted.

The monitory value of the above outcomes may worth of millions of rupees. Therefore it is
essential to be vigilant on the over-all power system and to maintain a quality and reliable power

supply to cater the consumers.

Hence, event disturbances, need quick response by the protective systems and can lead to larger
upsets if this action fails or is delayed. Large event disturbances always require fast protective
system action and may lead to complete system failure if this action is not correct and fast. One
of such solutions is to maintain the system stability through introducing an Under Frequency
Load Shedding Scheme. Among the factors that affect in designing a suitable load shedding
scheme, ‘maximum generation capacity of the largest generator unit/s available in the power

system’ is significant. According to the experience with regard to the black-out situations



occurred in the power system of Sri Lanka during the past few years, lack of a proper/ updated

Under Frequency Load Shedding Scheme was a main reason.



2. LITERATURE SURVEY

2.1.  Structure of an Electrical Power System

Electrical power systems are large, complex structures consisting of power sources, transmission
networks, distribution networks and a variety of consumers (Figure 2.1). Only the generation
and transmission levels are considered in power system analysis; the distribution networks are
not usually modelled as-such, but replaced by equivalent loads — composite loads [6].
APPENDIX - I demonstrates the modeling of the power system’s main power corridor —

transmission lines and transformers with a two-port network.

Generation

| TRANMISION (132 kV and 220 kV)

High voltage meshed network
O—H —

Embedded
generation

I DISTRIBUTION (33 kV)

! Medium voltage radial network 1
®—QD- —

Large
customers
132 kV

Medium
customers
11 kV

Small customers (domestic, industrial & commercial)

Figure 2:1: Structure of an electrical power system, [6].



With regard to the power system engineering, in general, load can be considered as:
e A device connected to the power system that consumes power;
o The total active or reactive power consumed by all devices connected to the power
system;
e The power output of a particular generator plant;
e A portion of the system that is not explicitly represented in the system model, but as if it

were a single power-consuming device — composite load [Appendix — I1J.

2.2.  Power System Stability

Stability of a power system can be defined as: The ability of an electric power system, for a
given initial operating condition, to regain a state of operating equilibrium after being subjected
to a physical disturbance, with most system variables bounded so that practically the entire

system remains intact [7].

2.3. Why Power System Instability situations occur?

Power system is a highly nonlinear system that operates in a constantly changing environment.
Because of the interconnection of different elements that form a large, complex and dynamic
system capable of generating, transmitting and distributing electricity , in a power system, a large
variety of dynamic interactions are possible. The main causes of PS dynamics are:

e changing power demand

e various types of disturbances

A changing power demand introduces a wide spectrum of dynamic changes into the system each
of which occurs on a different time scale.
e The fastest dynamics are due to sudden changes in demand — which associates with the
transfer of energy between the rotating masses in the generators and the loads.
e Slightly slower are the voltage and frequency control actions needed to maintain system

operating conditions



e very slow dynamics which corresponds to the way in which the generation is adjusted to

meet the slow daily demand variations

The way in which the system responds to disturbances also covers a wide spectrum of dynamics
and associated time frames.
e The fastest dynamics are those associated with the very fast wave phenomena that occur
in high-voltage transmission lines.
e Slightly slower are the electromagnetic changes in the electrical machines which occur
before the relatively slow electromechanical rotor oscillations occur

e The slowest are the prime mover and automatic generation control actions

For reliable service, a PS must remain intact and be capable of withstanding a wide variety of

disturbances [6], [8], [9], [10].

2.4. Disturbances

The disturbances which are experienced by the Power System may be small or large. They vary
in both magnitude and character. A disturbance is defined as ‘Disturbance (General): An
undesired variable applied to a system that tends to affect adversely the value of a controlled
variable’ [4]. Therefore, it is essential that the system be designed and operated so that the more
probable contingencies can be sustained with no loss of load (except that is connected to the
faulted element) and the most adverse possible contingencies do not result in uncontrolled,
widespread and cascading power interruptions [11] — [3], [12]. Disturbance types and
characteristics can be categorized in to two major categories. They are:
e Load disturbances — Small random fluctuations super imposed on slowly varying loads
e Event disturbances — Faults on transmission lines due to equipment malfunctions or
natural phenomena such as lightening.
— Cascading events due to protective relay action following
severe overloads or violation of operating limits.

— Generation outages due to loss of synchronism or malfunction.



2.4.1. Effects of the Disturbances on the Power System

The PS responds to these disturbances with the involvement of different equipment:

e A short circuit on a critical element followed by its isolation by protective relays will
cause variations in power transfers, machine rotor speeds, and bus voltages;

e The voltage variations will actuate both generator and transmission system voltage
regulators; the speed variations will actuate prime mover governors;

e The change in tie line loadings may actuate generation controls;

e The changes in voltage and frequency will affect loads on the system in varying degrees
depending on their individual characteristics.

e Devices used to protect individual equipment may respond to variations in system

variables and thus affect the system performance.

The most large-power systems install equipment to allow operations personnel to monitor and
operate the system in a reliable manner. Some of such major types of failures are:
e Generation-unit failures

e Transmission-line outages

2.4.1.1. Effects on power system due to Generation Unit failures

When a generator experiences a failure/outage, there will be a great impact on performance

of other generators and transmission lines of the PS.

Due to the imbalance between total load plus losses and generation, a drop in frequency is
resulted. This must be restored back to its nominal value (50 Hz or 60 Hz). This must be
made up either by the balance set of generators or by shedding a sufficient amount of load
from the system. The proportion of the lost power made up by each generator is strictly
determined by its governor droop characteristic, (APPENDIX III); [6], [13]. Further, due to
generation outage, much of the made up power will come from tie lines and other

transmission lines. This can make line flow limit or bus voltage limit violations [13].



2.4.1.2. Effect on PS due to Transmission line outages

When a transmission line or transformer fails and is disconnected, the flow on that line goes to
zero and all flows nearby will be affected. The result can be a line flow limit or bus voltage limit

violation [13].

The reactive losses in the transmission system (an equivalent TT-model is shown in Figure

2.4.1.2) have a big effect on the voltage at the buses. Reactive losses may be due to two reasons:
e The MVAR consumed by the line

e Transformer inductive reactance

Reactive 10ss, (i) = Yqi tines { [F X]  ----mmmnmmmmmmmmmmmmmmmm e (2.1)

Since,

Reactive power consumed by the transmission line & square of the line current,

when the transmission lines become heavily loaded this term goes up and more reactive power

must be supplied from some other resource.

r jx P,Q
_W+
Vﬁ’om end —_ 1 Vto end
of line | -T -1 of line |
Bcap 1 Bcap !

Figure 2:2: m-model of a transmission-line

Due to capacitive charging of the transmission line, reactive power is injected back into the PS.

Reactive loss, (ii) = — Xall lines | (szrom endBcap Lt Vzto end Bcap l> """"" (2.2)

of linel of linel
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There can be fixed capacitors injecting reactive power into buses.

Reactive loss, (iii) = — Yl lines 1 <V12Bfixed cap> (2.3)

at busl

The total reactive loss = Reactive loss, (2.1) + Reactive loss, (2.2) + Reactive loss, (2.3)

: — 2 2 2
Reactive power losses= Zall linesl Il X — Zall lines 1 <Vfrom endBcap l +V to ejld Bcap l)
of linel of linel

2
- Zall linesl <Vl Bfixed cap)

at bus'l

— 2
Real power losses = Y41 tines 1 [ 11

2.5. Reliability of a power system

According to NERC (North American Electric Reliability Council), reliability of power system
has been defined as a combined process of,

e Transmission adequacy — The ability of the electric system to supply the aggregate
demand and energy requirements of their customers at all times, taking into account
scheduled and reasonably expected unscheduled outages of system elements/
components.

e Transmission security — The ability of the bulk electric system to withstand sudden
disturbances such as electric short circuits, unanticipated loss of system components

or switching operations [9].

11



2.6.  Quality of a power system

Fundamental requirements concerning the quality of the generic equilibrium operation are:

e Network frequency should be at its “nominal” value (the choice of the nominal value is a

technical and economic compromise among design and operating characteristics of main

components, with specific regard to generators, transformers, lines, and motors);

e Voltage magnitudes (positive sequence) should match their nominal values, within a

range, e.g., of £ 5% or + 10% at each network bus-bar, particularly at some given load

bus-bars [14].

2.6.1. Addressing instability situations due to perturbations in the power system

Facing the effects of perturbations, especially of those lasting longer, and maintaining the system

at satisfactory steady-state conditions can be done with two fundamental controls. They are:

e /P control (frequency and active power control) — acts on control valves of prime

movers, to regulate frequency and dispatch active power generated by each plant.

Frequency regulation is the modulation of driving powers which must match, at steady-

state conditions, the total active load (apart from some deviations due to mechanical and

electrical losses, or contributions from non-mechanical energy sources). After a

perturbation, the task of frequency regulation is not only to make net driving powers and

generated active powers coincide but, moreover, to return frequency to the desired value.

Therefore, even the regulation itself must cause transient unbalances between the powers

until the frequency error returns to zero.

e J/QO control (voltages and reactive power control) — acts on the excitation circuit of

synchronous machines and on adjustable devices (e.g., reactors, capacitors, static

compensators, under-load tap-changing transformers), to achieve acceptable voltage

profiles with adequate power flows in the network.

12



f/P and V/Q controls are different from each other with regard to the power system stability

concern.

Regulated frequency is common to the whole system and can be affected by all the
driving powers. Therefore, the f//P control must be considered with respect to the whole
system, as the result of different contributions (to be suitably shared between generating
plants). In other words, the f/P control must present a “hierarchical” structure (as shown
in Figure 2.6.1 and Figure 2.6.1) in which local controls (also named “primary” controls)
on each turbine are coordinated through a control at the system level (named “secondary”
control).

Regulated voltages are instead dissimilar from each other (as they are related to different
network points), and each control predominantly acts on voltages of the nearest nodes.
Consequently, the V/Q control problem can be divided into more primary control
problems (of the local type), which may be coordinated by a secondary control (at the

system level) or simply coordinated at the (unit) scheduling stage [14].

2.6.2. Classification of Power System Dynamics

Dynamic relations among variables that characterize the generic system can be presented as in

the block diagram of Figure 2.6.2.

Subsystem (a):  Predominantly a mechanical type, consists of generating unit rotating parts

(specifically, inertias) and supply systems (thermal, hydraulic, etc.).

Subsystem (b):  Predominantly an electrical type, consists of the remaining parts, i.e.,

generator electrical circuits, transmission, and distribution systems, and
users (and possible energy sources of the non-mechanical type), with the
latter possibly assimilated with electrical equivalent circuits. Subsystem
(b) includes mechanical rotating parts of synchronous compensators and
electro-mechanical loads. The mechanical parts of synchronous compensators
and of synchronous motors — the latter including their loads — can be

considered, if worthy, in subsystem (a) without any particular difficulties [14].

13



As demonstrated by the Figure 2.6.2, the input variables to the system are essentially,

openings of prime mover valves, which “enter” into subsystem (a), affecting driving
powers (at given operating conditions of the supply systems, e.g., set points of the boiler
controls, water stored in reservoirs);

excitation voltages of synchronous machines, which “enter” into subsystem (b), affecting
the amplitude of emfs applied to the three-phase electrical system;

different parameters that can be adjusted for control purposes (specifically, for the V/Q
control): capacitances and inductances of reactive components (of the static type),
transformer ratios of under-load tap-changing transformers, etc.;

load conditions dictated by users, which are further inputs for the subsystem (b), in
terms of equivalent resistances (and inductances) or in terms of absorbed

mechanical powers, etc.

14
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With reference to the Figure 2.6.2, the f/P control is achieved through acting on valves’ opening,
while the V/Q control is achieved through acting on excitation voltages and the adjustable

parameters mentioned above. The load conditions instead constitute “disturbance” inputs for

subsystem (b)
of predominantly
electrical

fype voltages, and reactive powers
— ———

parameters

Figure 2:3: Broad block diagram of a generic system, [14].

both types of control.

Subsystems (a) and (b) interact with each other, specifically through:

e generated active powers;

e clectrical speeds of generating units (or, more generally, of synchronous machines) and

(electrical) shifts between their rotors.
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With reference to [14], typical time intervals for analysis and control of the most important
dynamic phenomena are shown in Figure 2.6.2. Regarding response times, subsystem (a)
generally presents much slower “dynamics” than subsystem (b) (except with torsional
phenomena on turbine-generator shafts), primarily because of:

e the effects of rotor inertias,

e limits on driving power rate of change,

e delay times by which (because of the dynamic characteristics of supply systems) driving

powers match opening variations of the valves.

ELECTRICAL TRANSIENTS IN THE
NETWORK (and relative protections)

Y TORSIONAL OSCILLATIONS S
VARIATIONS OF THE ROTOR FLUXES IN SYNCHRONOUS MACHINES
“substransient” variations ‘transient” variations
(additional rotor circuits) (field circuit)

etween large

equivalent “‘areas”

ELECTROMECHANICAL OSCILLATIONS
predominantly local

VARIATIONS OF v/Q STEADY-STATE (and relative control)

primary control montm]

SVARIATIONS OF fiP STEADY-STATE S

(and relative control)
primary control secondary control

! 1 I 1 1 1
0.01 0.1 1 10 100 1000 sec

Figure 2:4: Typical time intervals for analysis and control of the most important power system
dynamic phenomena, [14].

With the help of above facts various simplifications can be done that are useful in,
e identifying the most significant and characterizing factors of phenomena,
e performing dynamic analyses with reasonable approximation, and
e selecting the criteria and implementing on the significant variables, on which the real-
time system operation (control, protection, supervision, etc.) should be based.

Accordingly, dynamic phenomena can be categorized as below [14].
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® Predominantly

Mechanical phenomena

* Predominantly

Electrical phenomena

o Strictly
Electromechanical-

phenomena

caused by perturbations in subsystem (a) and in f/P control,

slow enough to allow rough estimates on the transient response
of subsystem (b), up to the adoption of a purely “static” model
(an example is the case of phenomena related to frequency

regulation)

caused by perturbations in subsystem (b) and in /Q control,

fast enough that machine speeds can be assumed constant (for
instance, the initial part of voltage and current transients
following a sudden perturbation in the network) or which are
such to produce negligible variations in active powers, again
without involving the response of subsystem (a) (for instance,
phenomena related to voltage regulation, in case of almost

purely reactive load)

Caused by interaction between subsystems (a) and (b)

acceptable to simplify the dynamic models of components
according to the frequencies of the most important
electromechanical oscillations (e.g., oscillation of the rotating
masses of the generators and motors that occur following a

disturbance, operation of the protection system [6])

2.6. Process for Generation-Load Balance

An electrical power system consists of many generating units and many loads while its total

power demand varies continuously throughout the day in a more or less anticipated manner.

It is very important for the utilities to ensure that the power system can be catered with

sufficient generation whenever it is on demand. There are four main time frames in ensuring

that they can supply their loads as shown in Figure 2.6, [9].
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They are:

e Long term planning — ensures that the most optimal generation portfolio is invested
in to supply the forecasted load

e Operations planning — deals with changes in transmission or generation that will need
to take place for maintenance purposes in the coming months. The unit function that
deals with the optimum selection of the units that need to go online to supply the load
may fall in this time frame as well, depending on their type, generating units
need different preparation time for going live spanning from months to days.

e Economic dispatch — deals with the selection of the most economic units to supply the
load in the next few hours.

e Automatic Generation Control, AGC (Load Frequency Control, which is
demonstrated in Figure 2.6) — balance generation and load on a minute-to-minute

basis when operators do not have sufficient time to control generators.

L t y Operations i Ec ic i Automatic
ong-term perat conomic generation
planning planning dispatch trol
(vears) (month—days) (hours) canm
Y (minutes)
4 J

Figure 2:5: Generation load balance in different time horizons [9].

According to [15], Load frequency control is described in the “UCTE Operation Handbook” as

“the continuous balance between supply and demand that must be maintained for reliability and

economic operational reasons.” The system frequency, which should not vary significantly from

its set point of 50 Hz, is an indication of the quality of “balance”. The load frequency control can

be identified with five control levels. They are:

Primary control
Secondary control
Tertiary control
Time control

Measures for emergency conditions
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Figure 2:6: Power system automatic generation control [9].

2.6.1. Primary control (is by Governors)

The action of turbine governors due to frequency changes when reference values of

regulators are kept constant is referred to as primary frequency control. According to

[15], the time for starting the action of primary control is in practice a few seconds

starting from the incident (although there is no intentional time delay for governor

pickup), the deployment time for 50% or less of the total primary control reserve is at

most 15 s and from 50% to 100% the maximum deployment time rises linearly to 30 s.

When the total generation is equal to the total system demand (including losses) then the

frequency is constant, the system is in steady state condition. As discussed in APPENDIX — I,
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APPENDIX — II and APPENDIX — III [6], system loads are frequency dependent. In order to
obtain a linear approximation of the frequency response characteristic of the total system load, a

similar expression similar to equation (2) (in APPENDIX — III) can be written as,

AP, Af
P fa
(2.4)
Where,
Ky = frequency sensitivity coefficient of the power demand of the total system
From equation (2) (in APPENDIX — III),
AP. A
=k T
L fn (2.5)

Tests conducted on actual systems indicate that the generation response characteristic is much
more frequency dependent than the demand response characteristic.
Typically, Ky =between 0.5 and 3

K1 =20 (p=0.05).

In Equations (2) and (4) the coefficients Kr and K; have opposite signs so that an increase in

frequency corresponds to a drop in generation and an increase in electrical load.

In the (P, f) plane the intersection of the generation and the load characteristic, Equations (2) and

(4), defines the system equilibrium point.

A change in the total power demand APy corresponds to a shift of the load characteristic in the
way shown in Figure 2.6.1, so that the equilibrium point is moved from point 1 to point 2. The

increase in the system load is compensated in two ways:

Ist: by the turbines increasing the generation by APr.
2nd: by the system loads reducing the demand by APy from that required at point 3 to
that required at point 2
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Af Af
APyemand = APr — AP, = — (Kt — KL)PLf_ = KfPLf_
n n

(2.6)

Where,

K¢= stiffness of a given area or power system

-

= 7] -
i Al demand =

Figure 2:7: Equilibrium points for an increase in the power demand [6].

A reduction of the demand by APy is due to the frequency sensitivity of demand. An increase of
generation by APt is due to turbine governors. The action of turbine governors due to
frequency changes when reference values of regulators are kept constant is referred to as

primary frequency control.
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2.6.2. Secondary control (is by Automatic Generation Controls)

This maintains a balance between generation and consumption (demand) of the power
system as well as the system frequency, without disturbing the primary control that is
operated in the corresponding power system in parallel, but by a margin of seconds.
Secondary control makes use of a centralized Automatic Generation Control, modifying
the active power set points/adjustments of generator sets. Secondary control is based on

secondary control reserves that are under automatic control [15].

Traditionally, distribution networks have been passive, that is, there was little generation

connected to them. Because of the rapid growth in distributed and renewable generation,

Power flows in distribution networks may no longer be unidirectional, that is from the
point of connection with the transmission network down to customers. In many cases the
flows may reverse direction when the wind is strong and wind generation high, with
distribution networks even becoming net exporters of power [6].

Most of the solar plants here in Sri Lanka are photovoltaic (PV) with an inverter. Since
the intensity of sun varies from time to time, the power generation also changes
accordingly [16] - [17].

Mini-hydro Power Plants are designed with a plant factor of around 40% because of the
uncertainty in power generation associated with it, as it totally depends on rain fall [5].
Hydro Power generation depends on the stored energy (reserved water) in corresponding

reservoirs [6], [5], [16], [18].

Therefore, the direction of the current flow in transmission mesh network varies from time to

time [19].

Further, with the state-of-the-art wind forecasting methods, the hour ahead forecast errors for a

single wind power plant are still around 10% - 15% with respect to its actual outputs [20].

That situation has created many technical problems with respect to settings of protection

systems, voltage drops, congestion-management etc.
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Hence, the main Duties performed by Automatic Generation Control are:
e maintain frequency at the scheduled value (frequency control);
e maintain the net power interchanges with neighboring control areas at their scheduled
values (tie-line control);
e Maintain power allocation among the units in accordance with area dispatching needs

(energy market, security or emergency).

In certain systems, one or two of the above objectives may be handled by the AGC. For example,
tie-line power control is only used where a number of separate power systems are interconnected

and operate under mutually beneficial contractual agreements [6].

This is clearly demonstrated in Figure 2.6.2, where AGC measures,
e Actual system frequency

¢ Interchange flows

From which it calculates,
e the frequency and
e interchange flow deviations,
by using the reference frequency and scheduled interchange values. The frequency and

interchange deviation are then used to balance load and generation on a minute-to-minute basis.

Different Automatic Generation Control applications such as [6], [9]:
e Governor Control System
e _.Interconnected Operation

are implemented.

23



2.6.2.1. Governor Control System

Frequency

=
Yo

=

Y

Load

Figure 2:8: A typical speed power characteristic of a governor system [9].

The slope of the curve shown in Figure 2.6.2.1 is known as the governor droop. That is:

In general,

Where,
fo—rated frequency

(fo— f1)

Governor droop = m
0o~

A
Governor droop = — é Hz/MW o

Af/fo
AG/Gg

p.u. Governor droop % = —

(2.8)

Af — system frequency change

G — rated generation capacity

AG — system generation change
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.. when the droop increases, the generation response is less sensitive to a frequency change. As

the system frequency is a constant all over a given system, from the equations (2.8) and (2.9) it

can be understood that, for a Af change in system frequency, response from different generating

units are:
AGii - _AG’,;/ fo 6= - (’“g—{f’
Where, (2.9)
AG;j — generation change
GD; — governor — droop of the in generator
As a result of the frequency change, total generation change in an n generator system is:
n n
Total generation change in MW = z AG; = Z —(Af) Gri/fo
— GD; (2.10)

i=1 i=1

As a result of the frequency change the system load also changes due to load sensitivity to

frequency.

AL; = DAf 2.11)

Where,

AL; — Load change (MW)

Af —frequency change (Hz)

D — Load frequency variation factor (MW/Hz)

From equations (2.10) & (2.11),

Gri/fo
GD,

n n
Total generation change in MW = Z AG; — AL; = Z —(Af) —DAf — (2.12)

=1 =1
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n n
. . _ _ Gri/fo
Total generation change in MW = AG; — AL; = —(Af) CD +D —(2.13)
. i
= L

i=1 i=1

Hence due to a frequency change of Af, there will be an adjustment in both load and generation

as given in equation 2.13.

As shown in Figure 2.6.2.1, changes in the settings Prfi1) , Prgo) and Prq3) enforce a
corresponding shift of the characteristic to the positions P , Pme) and Py3). A turbine cannot
be forced to exceed its maximum power rating Pyax with change of settings. Further Changing
in settings Pyr of individual governors will move upwards the overall generation characteristic of
the system. Eventually this will lead to the restoration of the rated frequency but now at the
required increased value of power demand. Such control action on the governing systems of

individual turbines is referred to as secondary control.
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1
!
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1
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refil) 1 3)

Figure 2:9: Turbine speed—droop characteristics for various settings of Py [6].

2.6.2.2. Interconnected Operations

Power systems interconnections are put in place for different systems to be able to
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e Perform exchange of electricity and enjoy the economic benefits of diversity in
generation and load
e Provide support under contingencies
Since load and generation in each system change instantaneously, it is important to have proper
controls on interties. These controls ensure that the undesirable tie-line flows do not show up as
the systems try to mitigate frequency deviations. In other words, each system provides its
share of frequency correction without impacting another system’s generation load balance

inadvertently [6], [9].

remainder

Figure 2:10: Power balance of a control area [6].

In interconnected power systems, AGC is implemented in such a way that each area, or
subsystem, has its own central regulator. As shown in Figure 2.6.2.2, the power system is in

equilibrium if, for each subsystem satisfy the condition [6],

Pr — (P, + Pye) =0 (2.14)

Where,
Pr - total power generation
Py - total power demand

Py - net tie-line interchange power
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2.6.3. Tertiary control

This action restores secondary control reserve by rescheduling generation and is put into
action by the responsible undertakings. The task of tertiary control depends on the
organizational structure of a given power system and the role that power plants play in
this structure. Tertiary control is an additional frequency control procedure to primary
and secondary frequency control. This is slower than, primary and secondary frequency
control [6], [15].
Under the vertically integrated industry structure (see Figure 3), the system operator sets the
operating points of individual power plants based on the economic dispatch, or more generally
Optimal Power Flow, which minimizes the overall cost of operating plants subject to network
constraints. Hence tertiary control sets the reference values of power in individual generating
units to the values calculated by optimal dispatch in such a way that the overall demand is

satisfied together with the schedule of power interchanges.

In many parts of the world, electricity supply systems have been liberalized. Gradually, private
owned power plants are added to the power system of Sri Lanka too [21] - [22]. These privately
owned power plants are not directly controlled by the system operator. Instead, according to their
mutual agreements with the government or utility, the generation of electricity is practiced by

them. Hence the economic dispatch is executed through an energy market.

The main task of the system operator is then to adjust the contracts to make sure that the network
constraints are satisfied and to supply the required amount of primary and secondary reserve
from individual power plants. In such a market structure the task of tertiary control is to adjust,
manually or automatically, the set points of individual turbine governors in order to ensure,

e Adequate spinning reserve in the units participating in primary control.

e Optimal dispatch of units participating in secondary control.

e Restoration of the bandwidth of secondary control in a given cycle.
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(The sum of regulation ranges, up and down, of all the generating units active in secondary
control is referred to as the bandwidth of secondary control. The positive value of the band-
width, that is, from the maximum to the actual operating point, forms the reserve of secondary

control [6].)

Tertiary control is supervisory with respect to the secondary control that corrects the loading of
individual units within an area. Tertiary control is executed through,

e Automatic change of the reference value of the generated power in individual units.

e Automatic or manual connection or disconnection of units that are on the reserve of the

tertiary control [6].

Usually control areas are grouped in large interconnected systems with the central regulator of
one area (usually the largest) regulating power interchanges in the given area with respect to
other areas. In such a structure the central controller of each area regulates its own power
interchanges while the central controller of the main area additionally regulates power

interchanges of the whole group.

2.6.4. Time control

This action corrects global time deviations of the synchronous time in the long term as a

joint action of all undertakings.

It is considered that each utility’s load is composed of,
e its native load and
o the scheduled transactions with other utilities.
Two numbers of system measurements are used to reflect the degree of generation-load
imbalance. They are [9],
e the system frequency — which is constant in the whole system and reflects whether the
native load is balanced. By removing the frequency error, the AGC control ensures that

the generation and load are balanced out.
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e the total interchange obligation the utility has to other utilities — if a number of
interconnected utilities all attempt to remove the system frequency deviations, they will
end up balancing load and generation for the whole interconnected system, except that

the final outcome may not fulfill their interchange obligations to each other.

2.6.4.1. Area Control Error (ACE)

As discussed above AGC controller should minimize both the frequency and
interchange deviations as its objective function in its control design. Hence, Area
Control Error (ACE) is defined for a system. Within each control area, continuously,

this ACE should be controlled to zero.

ACE = _10-,8]”- (fActual - fDesired) + (TActual - TScheduled) _— (2.15)

Where,

Jpesired — desired frequency (eg. 50 Hz)

SfActual— actual frequency in Hz

T'Actual — actual interchange schedule or tie-line flow with a positive sign for export, in MW

T'scheduled — SCheduled interchange or tie-line flow with a positive sign for export, in MW

[; — area bias with a negative value, MW per 0.1 Hz

AGC achieves its objective by minimizing or bounding ACE. It is important to note that ACE
only considers the status of a snapshot of the system disregarding the frequency deviations in the
previous time periods and the accumulated frequency and interchange flow mismatches. This
creates other issues associated with accumulated frequency and interchange deviations as shown

in Figure 2.6.4.1. These frequency deviation and interchange deviation can be reduced to zero by
AGC.
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2.6.4.2. Time Error

All electric clocks fed by the main system are based on system frequency. The time error
is a function of accumulated frequency deviation reflected by the area under the frequency

deviation curve shown in Figure 2.6.4.2.

Frequency
deviation,

Hz Area reflecting time
error

Time, s
' 3

Interchange
flow
deviation,
MW
Area reflecting time
inadvertant energy flow

\j

Time, s

Figure 2:11: Frequency and interchange flow deviations for one area [9].

To ensure that the time shown by electric clocks is correct, system operators should
correct the accumulated time error by scheduled actions. The time error resulting from

frequency deviation can be calculated by,

Time error = f (fACtual _ fDeSired) Ldt (2.16)
fDesired

Where,
Jpesired — desired frequency in Hz

SfActual— actual frequency in Hz

The time error adjustment is not accomplished by AGC. It is sometimes added to the ACE

Equation 7.1 for the sake of completeness, as given in Equation 7.3:
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ACE = _1O-ﬁf- (fActual - fDesired) + (TActual - TScheduled)

+ B¢. (Time error) (2.17)

[+ - the time error bias in MW/s

In any given situation, the responses of only a limited amount of equipment may be significant.

Therefore, using assumptions, usually it is made to simplify the problem and to focus on factors

influencing the specific type of stability problem [11]. Further, in analyzing more complex cases

where simplifications may not seem acceptable, computer simulations can become necessary

[14].

2.7.

Under-frequency Load shedding

AGC as a “secondary control” has been used by power systems for several decades for
bringing up the system frequency to its nominal value, with its actions usually slower
than the “primary control” which is done by turbine governors. In any event, the first
seconds of frequency dip and recovery after a major generator trip is essentially be
accomplished by governor control. When the power system’s self-regulation is
insufficient to establish a stable state, the system frequency will continue to drop until it
is arrested by automatic under-frequency load shedding (UFLS) to re-establish the load-

generation balance within the time constraints necessary to avoid system collapse.

This can be considered as one of the most possible contingencies that may lead the Power

System unstable. Events that can be identified as critical signals are:

Open Circuit of generator feeder or grid transformer Circuit Breaker;

OC of a bus-coupler feeder or tie line Circuit Breaker;

Protection lock-out function operation of a critical Circuit Breaker;

(In LS functionality, grid or generator or network Circuit Breakers are referred to as
critical Circuit Breakers.);

Hidden failures in protection systems [23], [3], [12], [24].
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The problem of optimal LS has been extensively investigated and many publications on the
utility implementation are presented in the literature over the past, [23]- [3], [10], [12], [25]-

[26]. Selection of a suitable LS strategy depends on the application scenario.

e In large scale and wide area Power Systems, typically the adopted methods are based on
voltage measurement. This helps in determining the perturbation location so that the area
affected by the power deficiency can be addressed by implementing a Load Shedding
action confined to that particular area.

e In local power systems, detection of the location of the contingency is trivial. For such
situations, LS actions are implemented mainly based on frequency and its derivatives [3],

[101, [27].

As demonstrated in Figure 2.7, LSS acts whenever it identifies a situation of danger for the PS.
The most initiative method of checking the level of danger is measuring the average frequency of
the grid: when the frequency falls below a certain threshold it is possible to obtain an indication
on the risk for the system and consequently to shed a certain amount of load. Although this
approach is effective in preventing inadvertent LS in response to small disturbances with
relatively longer time delays and low frequency thresholds, it is not capable of distinguishing the
difference between normal oscillations and large disturbances in the power system. Thus, this

approach is prone to shed lesser loads at large disturbances.

Support the System

Generation & Load 3 Frequency 3 with the spinning Maintain
Imbalance Situation reserve available . Stability

Degradation

Scheme as a solution

| Shed > Maintain
[ Introduce the UFLS ] % Loads Stability

Figure 2:12: Power System responses due to a load-generation imbalance situation
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During a load and generation imbalance situation that occurred due to a generation deficiency,

the amount of over-load is not known. Therefore the load is shed in blocks until the frequency

stabilizes. The three main categories of LS methodologies are: Traditional, semi-adaptive &

adaptive.

Traditional LS scheme is mostly implemented because of its simplicity and less
requirement of sophisticated relays. It sheds a certain amount of load when the system
frequency falls below a threshold. If this load drop is sufficient, the frequency will
stabilize or increase. This process continues until the overload relays get operated. The
value of the threshold and the relative amount of load to be shed are decided off line
based on experience and simulation. Although this approach is effective in preventing
inadvertent LS in response to small disturbances with relatively longer time delay and
lower frequency threshold, it is not able to distinguish between  normal oscillations and
large disturbances of the power system. Thus, this approach is prone to shed lesser loads
at large disturbances [8], [28].

The semi-adaptive LS scheme uses the frequency decline rate as a measure of the
generation shortage. In this scheme, the rate of change of frequency thresholds and the
size of load blocks to be shed at different thresholds are decided off-line on the basis of
simulation and experience [8], [28].

Adaptive LS scheme is the one that can prevent black-outs through controlled
disintegration of a power system into a number of islands together with generation
tripping and/or LS [8], [28], [29]. In [29], a linear System Frequency Response (SFR)
model is developed which is based on the frequency derivative of the Power System.
According to [28] and [29], from the reduced order SFR model it is possible to obtain a
relation between the initial value of the ROCOF and the size of the disturbance Py,

which caused the frequency decline. This relation is:

g | _ P step
dt =° " 2H
Where, — expressed in per unit, on base of the nominal system frequency (50 Hz)
P4,  —in per unit on the total MVA of the whole system
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The initial value of the ROCOF is proportional, through the inertia constant H, to the size
of the disturbance. Thus, assuming that the inertia of the system is known, the measure of
the initial ROCOF is - through H - a backward estimate of the disturbance and
consequently an adequate countermeasure in terms of load-shedding can be operated
(please see chapter III). A drawback of this method is that, if generators or large
synchronous motors are disconnected during the disturbance, the inertia of the system
should be accordingly adapted. For large systems, this can be overcome by the
consideration that only a small percentage of the total inertia has been lost [28], [29].
For small systems such as Power system of Sri Lanka, this may generate an under

estimation of the actual perturbation.

Different methodologies have been introduced to implement LS actions based on frequency, [23]
- [8], [12], [25], [30], [31] - [26]. With reference to them, it is possible to understand an
intelligent and adaptive, control and protection system for wide-area disturbance is needed, to
make possible full utilization of the power network, which will be less vulnerable to a major

disturbance.

Adaptive settings of frequency and frequency derivative (ROCOF) relays, based on actual
system conditions, may enable more effective and reliable implementation of LSSs [32], [10],
[27]. A major component of adaptive protection systems is their ability to adapt to changing
system conditions. Thus, relays which are going to participate in the process of control and
protection must necessarily be adaptive. In precise, this must be a relay system that allows
communication with the outside word. These communication links must be secure, and the

possibility of their failure must be considered in designing the adaptive relays [27].

The problem of optimal load shedding has been extensively investigated. As the power systems
are dynamic and difficult to model in advance, control schemes should be capable of adjusting
their decision criteria / parameters adaptively and independently. In [12], the ‘Reinforcement
learning method’ has been introduced to provide suitable basis for the adaptation and the
‘Temporal difference learning method’ has been implemented for the Load Shedding Scheme to
provide the reinforcement function. A methodology to develop a reliable load shedding scheme

for power systems with high variability and uncertainty, under any abnormal condition, has been
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introduced, to prevent black-outs  while maintaining its stability in [23]. The technique
proposes the sequence and conditions of applications of different load shedding schemes and
islanding strategies. Another load shedding scheme is proposed in [33] which Develops an
algorithm for the selection of Load circuits to shed in periods of reduced generation, that may
occur owing to industrial action or if the installed generation capacity is insufficient to meet
demand. In [32], an adaptive centralized under-frequency load shedding scheme is described.
The frequencies measured by Phasor Measurement Unit are used for calculating the rate of
change of frequency as well as the magnitude of the disturbance in the power system. This
method can estimate the magnitude of overload occurring from different disturbances and
accordingly to determine the necessary amount of load to be shed as well as the size and
frequency setting of each shedding step. Since balancing of frequency of an islanded system is
still an issue to be solved, especially when the demand exceeds the generation in the power
island, a strategy to shed an optimal number of loads in the island to stabilize the frequency is
presented in [25]. In [27], Miroslav Begovic et al. explore special protection schemes and new
technologies for advanced, wide-area protection. There it has been high-lighted that there is a
great potential for advanced wide-area protection and control systems, based on powerful,
flexible and reliable system protection terminals, high speed, communication, and GPS
synchronization in conjunction with careful and skilled engineering by power system analysts
and protection engineers in cooperation. Some of the basic principles which should be
considered in the application of a load shedding and load restoration program are presented in
[34]. The philosophy which led to the frequency actuated load shedding and load restoration
program being implemented on the American Electric Power System are also discussed. In [26],
a new approach to adaptive UFLS based on frequency and rate of change of frequency is
presented, which are estimated by non-recursive Newton type algorithm. A load shedding
scheme for the power system of Sri Lanka considering a coal power plant with 300 MW
generation capacity is suggested in [30]. Draw backs of the then load shedding scheme are also
presented. In [28], several load-shedding schemes for under-frequency operation are examined.
Both traditional schemes, based only on frequency thresholds, and adaptive schemes, based on
frequency and on its rate of change, are considered. An IEEE test system for reliability analysis
is used to compare the behavior of the proposed schemes when selecting different thresholds and

percentages of load to be disconnected. Results are reported in detail; considerations on possible
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advantages and drawbacks are also related to the framework provided by the electricity market.
M. Giroletti et al, propose a new hybrid Load Shedding method, which combines the most
significant features of frequency-based and power-based LS approaches in their publication [10].
A solution technique is described for designing a load shedding scheme using under frequency
relays to limit the effect of system over loads and a description of each necessary design decision
is also presented in [31]. In their literature, the improvements done in calculating the tripping
frequency of a given load shedding step, using the clearing frequency of the previous step and
the use of a per-unit relative efficiency ratio are also presented. This method guarantees co-
ordination between load-shedding steps. In [25], a technique to develop a frequency dependent
auto load-shedding and islanding scheme to bring a power system to a stable state and also to
prevent blackouts under any abnormal condition is described. The technique incorporates the
sequence and conditions of the application of different load shedding schemes and islanding
strategies. The technique is developed based on the international current practices. It uses the
magnitude and the falling rate of change of frequency in an abnormal condition to determine the
relay settings offline. The paper proposes to implement the technique using only Frequency
Sensitive and Frequency Droop relays. For developing countries located in the South Asian
region such as Sri Lanka and India (which have poor power systems) may experience equal types
of power system instability situations which lead for catastrophic events as in Bangladesh. So the
above technique would be a good solution to eliminate power system black-outs while
maintaining the stability of the power system. But,

e the traditional LS scheme incorporated with the above technique suggests some time-
delay and these time-delays vary from one step to another; hence deciding a correct time
delay for corresponding LS stage may be a practically difficult task,

e even though it suggests to disintegrate the power system and to operate in the islanding
mode if the frequency decline rate exceeds a particular threshold, power system
instability situations can be occurred during the disintegration of the system [12],
[23].

e Further when a disturbance occurs, it takes some time to reach particular frequency
degradation (df/dt). So during that period, a load shedding action can be taken place
(based on traditional load shedding), before this df/dt action gets activated. This may

lead for excessive load shedding.
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One can look at the system operation as explained in Figure 2.7, which has been introduced by
Fink and Carlsen. In this model, conventional protection and control is likely to be
effective in the ‘alert’” and ‘emergency’ states where the load capacity and generating
capacity remain matched. In the ‘extreme’ state, they are no longer matched and system

integrity protection schemes are required [35].

Hence, as a solution for the above requirements, the proposed methodology is presented. It is a
combination of all three basic-categories of load shedding schemes mentioned above. Thereby it
is aimed to provide a quality and reliable power supply for the consumer while supporting the

economy of the country.

Normal

! i

Restore —— Alert

T ¢

Extreme -4+——— Emergency

Figure 2:13: Fink and Carlsen diagram [35].
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3. MODELLING THE POWER SYSTEM

To study the stability and to observe how the power system behaves, during normal and
abnormal conditions, availability of a simulation model of the considering Power System is very
important. To ascertain that the simulation model’s performance is identical or approximately
equal to the corresponding real time power system’s behavior, it has been decided to consider the
power system of Sri Lanka of which required data could be collected from the Ceylon Electricity
Board (CEB) on request. Therefore a simulation model of the Power System of Sri Lanka
(Transmission network — 132 kV and 220 kV) was designed using the software

PSCAD/EMTDC.

PSCAD is a power-system simulator for the design and verification of power quality studies,
power electronic design, distributed generation, and transmission planning. It was developed by
the Manitoba HVDC Research Center and has been in use since 1975. PSCAD is a graphical
front end to EMTDC for creating models and analyzing results. In PSCAD, one combines blocks
to form a power network. These blocks are actually FORTRAN code, which call for an EMTDC
code library to combine them into executable files. Running these files runs the simulations, and

the results can be picked up by PSCAD on the run [36], [37], [38], [39].

PSCAD is suitable for modelling the power system of Sri Lanka for several reasons. PSCAD has
fully developed models of various devices used in the PS of Sri Lanka.

e The library includes models of synchronous machines, turbines, governors, transformers,
relays, breakers, cables, and transmission lines. Saturation, magnetizing, and leakage
inductances can be disabled or enabled in the rotating machine models. PSCAD also
offers tools to simulate various faults on the power system. By providing actual
parameters/data where necessary, it is possible to develop models of different power
system components.

e The systems of the PSCAD library may consist of electrical and control-type
components, which may be interconnected to allow for an all-inclusive simulation study.
The control systems modeling function section of the PSCAD library provides a complete

set of basic linear and nonlinear control components. These components can be combined
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into larger, more elaborate systems. Outputs from control components can be used to
control voltage and current sources, switching signals etc. Control components can also
be used for signal analysis, and outputs may be directed to online plots or meters.
Multiple modules can be built inside a single project, and each module can contain other
modules. This provides a hierarchical modeling capability.

PSCAD has complete models of most of the devices used in the ‘simulation model of the

PS of Sri Lanka’. Graphing, plotting, and exporting results are easy.

Therefore, PSCAD is suitable for this simulation study.

3.1.

Power System Components

For large-scale and complex systems, the mathematical description is nonlinear and high
dimensional, consisting of a large number of nonlinear equations. Therefore the analysis
and computation of such a system should be started from simple local devices and be
completed finally for the complex overall system. Therefore, in modeling of large-scale
and complex power systems, these systems are first decomposed into independent basic
components, such as:

e Synchronous Generators

e Transformers

e Transmission lines

e Under-ground cables

e Governor

e Automatic voltage regulator (AVR) etc.

Since these components are already modeled as blocks in PSCAD, it is possible to configure

them referring to actual/ real time parameters of the power system. Further in configuring these

mathematical models corresponding to different components, a sound knowledge of their

performance and their effects on the power system must be thoroughly studied. These Models of

those components are building-bricks to construct the mathematical model of the whole power

systems. Even though the size and structural components of a power system vary from one to

another, they all have the same basic characteristics.
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3.2.

Configuring Power System Components / Mathematical Modeling

For the study of some specific problems, model parameters could be time-variable and variables

may not be continuous. To meet the requirement of different computing accuracy, different

models could be used. A mathematical model for qualitative analysis could be simpler than that

for quantitative analysis. Since computing accuracy and speed are always two conflicting factors,

it is very important to consider whether a very high accuracy is required with the results, when a

power system model is established [40].

There are two major issues in mathematical modelling [40]. This can be brief according to the

Figure 3.2:
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Figure 3:1: Issues of mathematical modelling of a power system/power system components
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As demonstrated in Figure 3.2, Issues of mathematical modelling of a power system / power
system components can be identified as:
e To describe a subject under investigation mathematically in the form of equations
= Analytical method

— to derive those mathematical descriptions by using special knowledge &
theory about the subject

= Experimental method

— To identify those mathematical descriptions by carrying out experiments
or using data obtained from its operation - the method of system
identification in control theory

e To obtain parameters of the mathematical description of the subject:
= Based on design parameters (theoretical derivation)

— For simple components, model parameters can be derived from design
parameters according to certain physical (eg. mechnical or electrical)
principles; eg. transmission line modeling

= Based on Parameter estimation

— For complex components or systems, usually there is certain difference
between the actual parameters and design parameters; eg. generator
modelling (these generator parameters can be affected by variations of the
power system operating conditions, saturation & a series of complex
conversion processes among mechanical, electrical, magnetic & thermal
energy). This is known as ‘parameter estimation’ which is one of the

methods in system identification.

3.2.1. Transmission Lines
Transmission lines are the main corridor of power transmission in a power system. The

‘Generation and Transmission network’ as in 2011 in the power system of Sri Lanka [19]

has been referred, Appendix VI.
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3.2.1.1. Conductor types available in the Power System

It has been identified that different types of conductors are utilized in transmission of
power [19]. All are 3-phase circuits. Some of them are single circuits while the others
are double circuits. The Table 3.1 gives a detailed list of conductors used in the
transmission network and their corresponding per unit values of +ve sequence
resistance, +ve sequence reactance and +ve sequence susceptance. These values were

calculated based on the existing transmission line data given in [41].

Table 3.1: Conductor types used in the transmission network of Sri Lanka:

Vol + ve sequence | + ve sequence + ve sequence
oltage
conductor ity (V) Resistance Reactance Susceptance
capacity
pu/m (Q) pu/m (Q) pu/m (Q)
lynx 132 1.016x 10° 2.353x 10° 4.867x 107
Oriole 132 1.0962 x 10° | 2.5022x10°® 4.8398 x 107
Zebra 132 4332x 107 2.20210° 5.193x 107
Goat 132 5.739x 107 2.2383x 10°® 5.1244 x 107
Tiger 132 1.4176 x 10° | 2.4047x10° | 4.7477x 107
2 x Zebra 132 2.1667x 107 | 1.7259x 10° 6.524 x 10”7
2 x Goat 132 2.864 x 107 1.7389x 10°® 6.5256 x 10”7
Zebra 220 1.5597x 107 | 8.5371x 107 1.3353x 10°®
2 x Zebra 220 7.8x10° 6.2133 x 10”7 1.8124x 10°®
2 x Goat 220 1.0312x 107 6.276 x 107 1.7937 x 10”7

3.2.1.2. Sample Calculation

Calculation of a p.u. value corresponding to a 220 kV transmission line:

Calculation of Zy,s corresponding to 220 kV transmission line:

Vbzase
MVAbase

Zbase -
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Where,
MV Apuse = 100 and Vy s, = 220 kV

2202
Zbase = W = 484 ()
Resistance resistance of the circuit

np.u.=

circuit Zpase

The transmission line from Randenigala to Rantembe has been taken as a sample for

model calculations [19].

Type of circuit: single circuit
Names of transmission lines: Rand-Rant
Steady state frequency: 50.0 Hz
Length of transmission line: 3.1 km

Number of conductors (per circuit): 3 nos.
Conductor type: 2 x Zebra
Voltage capacity: 220 kV

Table 3.2: RXY values as given in [41], for the transmission line ‘Rand-Rant’:

Voltage . - I o
Resistance(R)/circuit | Reactance(X)/circuit | Susceptance(Y)/circuit

conductor | capacity ) ) )
inp.u. () in p.u. () in p.u. ()

kV)

2x
Zebra

220 0.00024 0.00196 0.00605

Calculation of +ve sequence resistance, +ve sequence reactance and +ve sequence

susceptance:
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0.00024 s
03 pu/m=7.8x10"°pu/m

+ve sequence TeSiStance =
1 31x1

0.00196

+ve sequence reactance =

0.00605 6
E pu/km = 1.8124 X 107° pu/m

+ve sequence susceptance = ————
1 p 31x1

3.2.1.3. Values Used with PSCAD window

In configuring the transmission lines, the Bergeron model was used since,

e [t is useful for studies to get the correct steady state impedance / admittance of

the transmission line at a specified frequency, and it is not used in analysis of

transient studies or harmonic behavior.

e It is a very simple and constant frequency model based on travelling waves

[37].

Figure 3.2.1.3 shows the PSCAD windows where the corresponding transmission line parameters

were entered in configuring the transmission line - ‘Rand- Rant’. Figure 3.2.1.3 demonstrates as

it appears in the above transmission line has been simulated in the Sri Lanka power system

simulation model.
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-
a. Transmission Line Configuration & L X |

Segment Name | Rand-Rant

Steady-State Frequency | 50.0 [Hz]

Segment Length [ 3.1 [km]

Number of Conductors I 3

Termination Style | Direct Connection -]

Segment Cross-Section Edit...

oK | cancel | Hep |

\ e 7,

b Bergeron Model Options
Travel Time Interpolation: On
Reflectionless Line (ie Infinite Length): No
“ Manual Entry of Y,Z

+ve Sequence R: 7.8e-8 [pu/m]
+ve Sequence XL: 6.2133e-7 [pu/m]
+ve Sequence B: 1.8124e-6 [pu/m]
0 Sequence R: -estimated-
0 Sequence XL: -estimated-
0 Sequence B: -estimated-

Figure 3:2: PSCAD windows corresponding to transmission line from Randenigala to Rantembe
named as ‘Rand-Rant’ with it’s a. Line model general data; b. Bergeron model options; c.
Manual entry of Y, Z
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Figure 3.2.1.3 is a small part of the large transmission network of the power system of Sri Lanka
that was extracted from the simulation model done. It shows how the bus-bars of power stations

randenigala and Rantembe are linked through the transmission line ‘Rand-Rant.’

Rand-Rant
transmission
line

Rand-Rant

Randenigala

2x 61MW 2414 " :

2 x 81MVA

BRKER SMw
4 2MVAR 85e-013
15MW
MW 4 3MVAR
20 MVAR

Figure 3:3: A part of the power system comprising the ‘Rand-Rant’ transmission line that links
Randenigala and Rantembe power-stations.

3.2.2. Under-ground Cables

In certain places of the power system, it has been identified the power transmission is done
through underground cables. These cables are with different current capacities [42], [43].
In configuring these under-ground cables in the PSCAD software, factors such as

e their construction criteria

¢ insulation materials used

e how they are laid down etc. are considered.
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3.2.2.1. Cable types available in the Power System

With reference to [19], the types of cables used for power transmission in the power

system of Sri Lanka are:

e XLPE 150
e Cus500

e 1000 XLPE
e 800 XLPE
e Cu3s0

Unlike over-head transmission conductors, the under-ground cables are comprised with several
layers of insulation and protective materials. With reference to [42], XLPE cable components are

demonstrated in Figure 3.2.2.1.

Conductor —
SC conducior
screen
Insulation
SC insulation
Fx;;ord ng Ee
ape
/“p |
Cu wire '
screen
Expanding tape
lead sheath
PE jocket

Figure 3:4: In addition to the conductor, an under-ground cable is comprised with several layers
of insulation and protective materials [42].

SC — semiconductor.
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It has been assumed that the conducting materials in all cables are copper. Details of the cable

physical parameters, resistivity of metals used and permittivity of insulating materials used are

presented in Table 3.3, Table 3.4, and Table 3.5 respectively [42], [43].

The voltage of a cable circuit is designed in accordance with the following principles:

Eg: Uy/U (Uy): 130/225 (245)

Where,

Up =130 kV — phase to ground voltage
U =225 kV —rated phase to phase voltage
Um = 245 kV — highest permissible voltage of the grid

Table 3.3: Physical parameter data used for configuring the cables in the simulation model:

> > >
=S B I~ I~ )
7o) 7o) 7o) —_ — —
= & S S & & <
Name of the cable Z 5 (3 5 (3 5 (3 S (3 S (3 S
ocQ| Q| Q| Kol Mol Ko
So|logc|log|l ool o
S on S on S on S O S O v \O
— oo <t — v >~ <t o~ — >~
Conductor diameter (mm) 382 | 347 |23.3 |26.7 |23.2
Thickness of insulation (mm) 148 | 148 |21.6 | 162 | 17.1
Al screen: out-side diameter of cable (mm) 85 82 85 77 75
Cu wire/Al sheath: out-side diameter of cable (mm) 88 84 87 79 77

Table 3.4: Resistivity of metals used in the cables:

Material Resistivity at 20°C
Aluminum (Al) 2.803 x 10° mQ
Copper (Cu) 1.724 x 10° mQ
Lead (Pb) 21.4x 10° mQ

Table 3.5: Permittivity of insulation materials used in the cables

Material Permittivity at 50 Hz
XLPE 2.35
Impregnated paper (high density) | 3.8
Impregnated paper (low density) | 3.3
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3.2.2.2. Values Used with PSCAD window

Figure 3.2.2.2 is a part of the transmission network of the simulation model of the power system
of Sri Lanka. The cable that links Colombo Fort substation (Sub-F) and the Kelanitissa power
station bus-bars are shown in it. Even though the Figure 3.2.2.2 demonstrates several layers of
insulations and screen/sheath in addition to the conductor, for this simulation model it has been

assumed that,

e Each cable is comprised of conductor, insulator-1, insulator-2 and sheath only.

e All three cables are placed horizontally on the same level of the ground

e Span between two cables (center to center) = 2 x cable diameter [42].

e Each cable carries a current of single phase (for three phases, 3 nos. separate cables have

been used )

Accordingly, how such a cable (Keltissa-Col F) has been configured in PSCD is demonstrated in
Figure 3.2.2.2.

Cable configuration window, Line model general data and Bergeron Model Options
corresponding to ‘Keltissa-Col F’ are demonstrated in Figure 3.2.2.2 a, b and ¢ respectively.

Figure 3.2.2.2 shows how the above 132 kV under-ground cable have been laid down in earth.
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Kelanitissa /i’)\

Figure 3:5: The cable that links Colombo Fort substation and Kelanitissa power station bus-bars,
which appears in the transmission network of the simulation model of the power ystem of Sri
Lanka.
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-
a. Cable Configuration - ﬂ

Segment Name | Kettissa-Col_F|

Steady-State Frequency | 50.0 [Hz]

Segment Length [ 4.9 [km] |
Number of Conductors | 3

Termination Style |Remote Ends ~|

Segment Cross-Section Edit...

! | OK I CancelI Help |

b.
Line Model General Data
Name of Line: Keltissa-Col_F
Steady State Frequency: 50.0 [Hz]
Length of Line: 4.9 [km)]
Number of Conductors: 3
C.

Bergeron Model Options

Travel Time Interpolation: On
Reflectionless Line (ie Infinite Length). No

Figure 3:6: PSCAD windows corresponding to power transmission cable from Kelanitissa to
Colombo Fort substation named as ‘Keltissa-Col F’ with it’s a. Cable configuration window; b.
Line model general data; c. Bergeron model options.

The resistivity of soil varies widely at different locations as the type of soil changes. At some

locations, the soil can be very nonhomogeneous with multilayer soil structure, not far away from
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the earth surface. Often, there are several layers of soil made up of loam, sand, clay, gravel, and

rocks. The layers may be roughly horizontal to the surface or inclined at an angle to the surface.

The resistivity also fluctuates seasonally due to changes in rainfall and temperature. The impact

of temperature is only important near and below freezing point [44]. Hence it has been taken the

(average) ground resistivity as 100 Qm at a depth of 1.3 m from ground level, for the entire

simulation.

Ground Resistivity: 100.0 [ohm*m)]
Relative Ground Permeability: 1.0 H
Earth Return Formula: Analytical Approximation !

: ol
i Cable#1

0.01338 [m§----3

02955 [m]§----
0.0385 [m] §---- 3§
0395 [M]{--nnnnvenmnnn

i Cable#2

468, fri

0.01335 [m]x)

102955 [m]¥

10385 [m]¢ 3
0395 [M):censammssniey

i cable#3

0378 m!

0.01335 1m],<>
02955 [m].----

0385 [M]§-------o--_- y i
10305 [M]{-nneoonnnnnsy

Figure 3:7: 132 kV under-ground cable lay-out corresponding to ‘Keltissa-Col F.’

Since there are several such cables cater for power transmission in the power system net-work,

corresponding data which was used for cable configuration is available in Table 3.6.

Table 3.6: Data used for configuring under-ground/submarine cables.

Name of Depth of the | Span Conductor | Thickness | Thickness of | Thickness
the cable cable from between diameter of sheath of
ground level | two cables insulator-1 insulator-2
(XLPE)

XLPE 150 |13 m 0.174 m 0.0233m | 0.0216m [925x10°m [1x10°m
Cu 350 1.3m 0.154 m 0.0232m [0.017lm [88x10°m 1x10°m
Cu 500 1.3m 0.158 m 0.0267m | 0.0162m [8.825x10°m |1x10°m
XLPE 800 | 1.3m 0.168 m 0.0347m |0.0148m [885x10°m |[1x10°m
XLPE 1000 | 1.3 m 0.176 m 0.0382m |0.0148m |10°m 1x10°m
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3.2.3. Transformers

Transformers are the devices that permit high voltage transmission and this drastically reduces
losses. At corresponding grid substations, transmission voltage/s is step down to a distribution
voltage level. Power transportation is accomplished through distribution systems. This includes
small networks of radial or ring-main configuration and voltages are stepped down to end-user

levels once again through transformers [14].

3.2.3.1. Transformer types available in the Power System

In this simulation generator transformers and transformers at grid sub-stations which step down
220 kV to 132 kV were considered. The generator transformers are with different capacities. The
primary voltage is the voltage at which the electricity is generated. Some of the grid sub-stations
are comprised with auto transformers that step down the voltage to 132 kV and 33 kV
simultaneously. Since the intension of the simulation is to model the transmission network, the

33 kV, which is at primary distribution level, was not considered.

3.2.3.2. Sample Calculation

The calculations were carried out referring to [45], pp 36-37. Typical per-unit (pu)
values of transformers are given in Table 3.7 and Table 3.8. For the transformer
capacity ranges given in Table 3.7, the leakage reactance (pu) on primary and
secondary windings can be considered as equal for design purposes. In the same way,

the copper loss on each side has been considered as equal.
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Table 3.7: Typical per-unit values of transformers [45].

Typical per-unit values

Circuit element (zsee Fig 2.21) 3kVA to 250kVA IMVA to 100MVA
Ry or R T 00090005 0.005-0.002
XnorXp 0.008-0.025 0.03-0.06
X 20-30 50-200
R 20-30 100-300
Iy 0.05-0.03 0.02-0.005

Example:

Sample calculation of generator transformer parameters of Kotmale power station (less than 100
MVA):

Transformer rating = 90 MVA
Primary winding — star
Secondary winding — delta
Primary voltage — 13.8 kV
Secondary voltage — 220 kV

+0.03
100

+ ve sequence leakage reactance of primary, x; = ( X 90) + 0.03

= 0.057 pu

+ ve sequence leakage reactance of secondary referring to primary, x1,

2

- (13'8) X 0.057
= 220 oo/ pu

= 0.00393 x 0.057 pu
= 0.0002 pu

.. + ve sequence leakage reactance = 0.057 + 0.0002 pu

= 0.057 pu
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—-0.003
100

Copper loss resistance of primary, r; = ( X 90) + 0.005

= 0.0027 pu

2
Copper loss resistance of secondary referring to primary,r; = (ﬁ) X 0.0027 pu

220

= 0.00393 x 0.0027 pu

= 0.000010 pu
.". total copper loss resistance, = 0.0027 + 0.00001 pu
= 0.00271 pu
Air core reactance, = 2 X (+ ve sequence reactance)
=2 X 0.057 pu

= 0.114 pu

The data given in Table 3.8 corresponds to transformer ratings from 1kVA to 400 MVA. So

calculation of transformer parameters whose ratings are above 100 MV A was carried out based

on the data of the Table 3.8.

Table 3.8: Per-unit values of transformer parameters [45].

-

S, kVA 1 10 100 1000 400000
fo \ 2400 2400 12470 69000 13800
Eae \ 46 347 600 6900 424000
Ty A 0.417 417 8.02 14.5 29000
Ins A 2.17 28.8 167 145 943
Zop 0 5760 576 1555 4761 0.4761
Zng 0 2116 12.0 3.60 47.61 449.4

Ri(pu) - 0.0101 00090 00075 00057  0.00071

Ra(pu) ; 0.0090  0.0079 00067 00053  0.00079

Xn(pu) i 0.0056 00075 00251 00317  0.0588

Xp(pu) i 0.0055  0.0075 00250 00315  0.0601

Xu(pu) . 34.7 50.3 96.5 106 966

Ru(pu) i 69.4 88.5 141.5 90.7 666

Io(pu) - 0.032 0.023 0.013 0.015 0.0018
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Sample calculation of parameters, of a transformer that has a rating above 100 MVA:

This is located at Biyagama-grid substation.

Transformer rating = 250 MVA
Transformer type — auto-transformer
Primary winding — star

Secondary winding — delta

Primary voltage — 220 kV
Secondary voltage — 132 kV

+0.0588—-0.0317

)><250-+(xo317
400

+ ve sequence leakage reactance of primary, x; = (

= 0.04864 pu

+ ve sequence leakage reactance of secondary referring to primary, x5,
2

(220) 0.04864
= ([—) x 0.
132 pu

= 0.1351 pu

.. equivalent + ve sequence leakage reactance, x,, = x; + X3 pu

= 0.0486 + 0.1351 pu
= (0.18375 pu

0.0007-0.0057

Copper loss resistance of primary, r; = ( ) x 250 + 0.0057

400
= 0.00258 pu
) ) ) , 2202
Copper loss resistance of secondary referring to primary,r, = (E) x 0.00258 pu
= 0.00717 pu
.". total copper loss resistance, =rn+ nrpu

= 0.00258 + 0.00717 pu
= 0.00975 pu
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Air core reactance, = 2 X (+ ve sequence reactance)
=2 X 0.057 pu
=0.114 pu

3.2.3.3. Values Used with PSCAD window

There are three transformers each with a capacity of 90 MVA, installed in the Kotmale power

station. Figure 3.2.3.3 shows them as they appear in the PSCAD simulation.

Generator

l l /trani)er\fl | |

Kotmale

T S e
- 87MW
Kot-Upk. .. -
&Lﬁ-wk. . ‘ =
— BRKER3

40MW
MW
29.5MVAR

Figure 3:8: Generator transformers located at the Kotmale power station, as they appear in the
PSCAD simulation model

PSCAD windows corresponding to a transformer configuration and saturation for the generator

transformers at Kotmale power plant are shown in Figure 3.2.3.3: a and b.
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r ~
[xfmr-3p2w] 3 Phase 2 Winding Transformer g [xfmr-3p2w] 3 Phase 2 Winding Transformer M

Configuraton - -
Transformer Name I TF1 Saturation Enabled No -
3 Phase Transformer MVA I 90.0 [MVA] Saturation Placed on Winding #1 -

Base operation frequency W Air core reactance IW
Winding #1 Type [Y—H In rush decay time constant W
Winding #2 Type m h Knee voltage IW
Delta Lags or Leads Y m Time to release flux clipping W
Positive sequence leakage reactance IW Magnetizing current W
ldeal Transformer Model No v

No load losses W
Copper losses IW

Tap changer on winding INone vl N
Graphics Display | single ine (circles) v| |'
Display Details? No %

ﬂl Help... | | OK | Cancel | Help...

Figure 3:9: PSCAD generator transformer windows of a. configuration; b. saturation;
corresponding to the Kotmale power station.

3.2.4. Generators

An electric generator is a device designed to take advantage of electromagnetic induction in
order to convert movement into electricity. It is designed to obtain an induced current in a
conductor (or set of conductors) as a result of mechanical movement, which is utilized to
continually change a magnetic field near the conductor. The generator thus achieves a conversion
of one physical form of energy into another — energy of motion into electrical energy —

mediated by the magnetic field that exerts forces on the electric charges [46].

With reference to [6], synchronous generators can be roughly classified as shown in Figure 3.2.4.
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Synchronous

Generators
|
I I
High-speed generators Low-speed generators
(Turbo generators) — Driven by water turbines
— Driven by steam or gas turbines — Can have large diameters and
— Have relatively low diameters & shorter axial lengths
large axial lengths to reduce — Can be mounted either as
centrifugal forces horizontally or vertically
— Mounted horizontally — Have a large number of
— Typically have 2 or 4 electrical electrical poles
poles — Operate at typically 500 rpm &
— Would be driven at 3000 or below
1500 rpm typically for a 50 Hz
power system

Figure 3:10: Classification of synchronous generators referring to their speeds

Further, a generating unit can be demonstrated as shown in the Figure 3.2.4, [6].

Electricity is produced by a synchronous generator driven by a prime mover, usually a
turbine or a diesel engine. The turbine is equipped with a turbine governor to control
either the speed or the output power according to a preset power—frequency
characteristic.

Through a transmission network, the generated power is transmitted over to load-centres
after stepping up the generated voltage (by a generator transformer).

The DC excitation (or field) current, required to produce the magnetic field inside the
generator, is provided by the exciter. The excitation current, and consequently the
generator’s terminal-voltage, is controlled by an automatic voltage regulator (AVR).

An additional unit transformer may be connected to the busbar between the generator and
the step-up transformer in order to supply the power station’s auxiliary services
comprising motors, pumps, exciter and so on.

The generating unit is equipped with a main circuit-breaker on the high-voltage side and
sometimes also with a generator circuit-breaker on the generator side. This type of a

configuration is very convenient because, in case of a maintenance outage or a fault, the
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generator circuit-breaker may be opened while the auxiliary services can be fed from the

grid. Further, with the main circuit-breaker open, the generator may supply its own

auxiliary services.

NETWORK
{Figure 2,11

circuit-breaker

step-up
transformeer

Lkl auxiliary
transformer SETVICES

gl =
.":_—E = circuit-hreaker
= P, {optionally)
[
r : 5
_ L i = o teasuring
b o i e R T
ml f : I,
* * ' generator terminals
] < SYNCHROMOUS
BIME
TUREIG GENERATOR ==
l shaft i | field current, f;
=l 5 Avtomatic
E _g exciter Woltage r:r._-l'
AE Control -

Figure 3:11: configuration of a generating unit [6].

In modelling a real time generator, it is very important to have a clear idea about how the energy
in mechanical form is converted to electrical form, in order to maintain some specific frequency,

while the electricity in demand varies. This would be very helpful in configuring the machine so
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that it behaves like a specific real-time generator. With reference to [11] and [13], basic

generator model was developed.

Defining electrical-mechanical system terms:
w = rotational speed (rad/s)
«a = rotational acceleration
6 =phase angle of a rotating machine
T,e: = netacceleration torque in a machine
Tmecn ~= mechanical torque exerted on the machine by the turbine
T,;.c = electrical torque exerted on the machine by the generator
P,.+ = netaccelerating power
P,.c = mechanical power input
P,.. = electrical power output
I =moment of inertia for the machine

M = angular momentum of the machine

e All these quantities (except phase angle) will be in per unit on the machine base, or in the
case of ®, on the standard system frequency base.
e It is considered deviations of quantities about the steady state values.

e All steady-state or nominal values may be denoted with a sub-script 0 (e.g., wg , Tnet,)-

e All deviations from nominal may be denoted by a ‘A’ (e.g., Aw, AT,,¢).

la = Tye
M = wl
Pnet = anet = (U(I(X) = Ma (1)

Consider a rotating machine with a steady speed of w, and phase angle §,. Due to various
electrical or mechanical disturbances, the machine will be subjected to differences in

mechanical and electrical torque, causing it to accelerate or decelerate.
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Consider a deviation of speed Aw and a deviation in phase angleAd, from nominal.

w = Cl)o‘l‘ at

AS = f(a)o + at)dt — f(a)o)dt

Machine absolute Phase angle of
phase angle reference axis

1 2
== w0t+§ ate — Cl)ot

1
= — tz
20(

Deviation from nominal speed,

d
= = —(AS
Aw = at dt( )

d d? (2)
" Tnet = la = I&(Aa)) = F(Aé‘)

With reference to APPENDIX — III the relationship between net acceleration power and the

electrical and mechanical power is:

Pret = Prech — Petec

This can be written as a sum of the steady-state value and the deviation term,

Pret = Pneto — APy

Where

Pneto = Pmecho - Peleco

APpet = APpecn — APerec
Then,

Pnet = (Pmecho - Peleco) + (APmech - APelec) @
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Similarly for torques,

Tnet = (Tmecho - Teleco) + (ATmech - ATelec) — @
Since Equation (1) =,

Pret = WThet

Pret = Pneto + APper = (wo + Aw)(TnetO + ATnet)

From Equation (3) & (4)
(Pmecho - Peleco) + (Apmech - APelec) = (wo + Aw) [(Tmecho - Teleco) + (ATmech - ATelec)]
Assume that the steady-state quantities can be factored out since

Pmecho = Peleco
and

Tmecho = Teleco

and further assume that the second-order terms involving products of Aw with AT}.c, and AT e

can be neglected. Then,
(APpech — APeiec) = wo(ATmech — ATerec)
As shown in Equation (2), the net torque is related to the speed change as follows:
(Tmecho - Teleco) + (ATmech — ATerec) = 1 % (Aw)

Then, since Tyecho = Tereco, by combining equations (5) & (6),

d
(Apmech - APelec) = wyl E (Aw)
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—MdA

d
L(APpech — BPerec) = L (M a (Aw))
.. In Laplace transform operator notation,
APrech — APeiec = Ms(Aw)

This relationship between mechanical and electrical power and speed change can be given in a

block-diagram as shown in Figure 3.2.4, [13].

& PmECh ! ‘“!_ EEEE—— A w

AP

elec

Figure 3:12: relationship between mechanical and electrical power and speed change

The loads on a power system consist of a variety of electrical devices such as,
e purely resistive

e motor loads with variable power—frequency characteristics

Since motor loads are a dominant part of the electrical load, the effect of the change in load due
to the change in frequency can be given by:

APy (freq)

APy (freqy = DAw or D = Ao

.. The net change in P, in Figure 3.2.4 (equation (6)) is:

AP, = AP + DAw
elec L N
Nonfreqency—sensitive Freqency—sensitive
load change load change
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This describes the block-diagram shown in the Figure 3.2.4.

+ 1
ﬂ'Pl'm;::h ~ E = Aw
AP,
D -
+
BPmeen /\%\ us1+ D >
AP,

Figure 3:13: Block-diagrams demonstrating the effect of the change in load due to frequency
sensitive and non-frequency sensitive load change

3.2.4.1. Generator types used in modeling the Power System

In this power system simulation model, basically two types of generators were
used. They are:
e Hydro-generators

e Steam-turbine generators
All the thermal power generators which were committed at the instant of the

corresponding load-flow simulation were represented with steam turbine

generators.
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3.2.4.2. Simplified Schematic Diagram and corresponding control System

With reference to the PSCAD simulation model, the Figure 3.2.4.2 shows a hydro-
generator unit located at Kotmale power station, (Kotmale3) with its corresponding

governor, turbine and exciter units.

[l

Vref0 Vref

Exciter_(AC1A
VT

Q=59.81
wim P = 69.86
J mo0
TH3

L W3 | Tmstay3
w w Tm
z z
Hydro Gov 3 Hydro Tur 1
z0 zZi
Wref Wref

Figure 3:14: A generator unit at Kotmale power station with its hydro turbine, governor and
exciter
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3.2.4.3. Values Used with PSCAD window

Figure 3.2.4.3 with (a) Synchronous machine configuration, (b) Interface to machine controllers, (¢)
Variable initialization data, (d) Basic data, (e) Initial conditions, (f) Initial conditions if starting
as a machine, (g) Output variable names and (h) power output of the simulated generator
‘Kotmale-3’ show the configuration windows and graph of power generated, corresponding to

Kotmale hydro-generator.

[sync_machine] Synchronous Machine g [sync_machine] Synchronous Machine g
¥ interface To Machine Controllers z
Machine name | Kot3 Supply terminal conditions to exciter IVt&It v I

No. of Q-axis Damper Windings One v Smoothing Time Constant I 0.02[s]
Data Entry Format: IGenerator v I Output exciter initialization data? Yes v
Multimass interface:[Enables Speed Ctrl] IDlSABLE v I Output governor initialization data? Yes v

Armature Resistance as: IResistance v I Output speed pu v
D-axis Saturation IDisabled v I
Type of settings for initial condition Ipowe,.s v l

Machine scaling factor? No -

Graphics Display ISingle line view 'I

Cancel | Help... | \ Cancel | Help... |

al=
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— ~ 7 - — - ~ s
[sync_machine] Synchronous Machine @ [sync_machine] Synchronous Machine

Variabe niaization Dala - -
Source[0] -> Machine[1] transition I 1 Rated RMS Line-to-Neutral Voltage I 7.967 [kV]
Lock-rotor{0}<->Normal mode{1] transition ENAB Rated RMS Line Current | 3.297 [kA]
Enable/Disable P control of source | 1 Base Angular Frequency 314.1593 [rad/s]

Initializing real power I'W Inertia Constant IT
Enable/Disable Inertia control | 0 Mechanical Friction and Windage I 0.0 [pu]
e — M Neutral Series Resistance [oowa
Damper friction factor W Neutral Series Reactance W
Factor for damping speed o Iron Loss Resistance [300000u
Enable/Disable P control of Locked rotor machine I 1 Number of coherent machines I 10

Field Vokage muttiplier [t
Disable/Enable Ef muttiplication .

| Cancel | Help... | | || Cancel | Help... | |
[sync_machine] Sync;iron;us Machine g [sync_machine] Sync;lron;us Machine T
- =

Terminal Vokage Magnitude at Time = 0- IW Terminal Real Power at Time = 0- ; Out + IW
Terminal Vokage Phase at Time = 0- [o1estras P e | sonven) |
Initial Rotor Angle ref: Stator [3141592[raq)
D-axis Armature Current; In + W
Q-axis Armature Current; In + [oowa
Initial Field Current [oorw
Intial Machine Speed s

' — l L I
e. %‘J ’
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r

i

[sync_machine] Synchronous Machine

Output Variable Names v I
Name: Real Power; Out + (pu) Pkot3
Name: Reactive Power, Out+ (pu) Qkot3
Name: Neutral Voltage (kV)
Name: Neutral Current to Ground (kA) h
Name: Load Angle; Gen. + (rad) '
N Rt M eeenionl A gia (o) Synchronous Machine Power : Graphs. -
ame: Rotor Mechanical Angle (ra =
80.0 4 L ’
Name: Internal Phase AAngle w.r.t. sin(wt) (rad) 75.0
Name: Steady Electrical Torque (pu) 0~
65.0 -(
Real/Reactive power pu output is based on base MVA of é So0i]
= 550+
O 50.0 4
(@ f : 450
400
0 10 20 30 40 S0 60 70 80 90 100
{ »
Cancel Help...

g.

Figure 3:15: Values used with PSCAD window corresponding to Kotmale generator; a.
Synchronous machine configuration; b. Interface to machine controllers; c. Variable initialization
data; d. Basic data; e. Initial conditions; f. Initial conditions if starting as a machine; g. Output
variable names and h. power output of the simulated generator ‘Kotmale-3’

3.2.4.4. Sample Calculation

Sample calculation of parameters, of the generator Kotmale3:

Rated (active) power = 67 MW
Rated (reactive) power = 78.8 MVA
Rated output voltage = 13.8 kV

Rated RMS line to neutral voltage = % = 7.967 kV
6
Rated RMS line current = 28X19°  _ 3797 kA

V3x13.8x103

Base angular frequency = 2nf =2 xm x50 7ed/ = 314,16 Tad/
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Finding inertia constant:

With reference to [11], the inertia constants H of synchronous generators (hydro generator and

steam turbine generator) can be briefed as shown in table Table 3.9. Based on these data as well

as the data obtained from the CEB (shown in Table 3.10), the inertia constants used for the

simulation were calculated.

Table 3.9: Inertia constants of different types of generators

Generator type

Range of inertia constant (s)

Hydraulic unit (Water wheel generator) 2to4
Thermal unit:

e Condensing (1800 rpm) 9t0 6

e Condensing (3000 rpm) 7to4

4t03

e Non-condensing (3000 rpm)

Where range is given, the 1* figure applies to the smaller MVA.

Table 3.10: Inertia constants of generators obtained from the CEB

Station/ generator

Inertia constant (H s)

Barge 1.62
KCCPgas 8
KCCPsteam 4
Sapugaskanda — 1 3.2
Sapugaskanda — 2 3.2
Sapugaskanda — 3 3.2

Kerawalapitiya — 1 -

Kerawalapitiya — 2 -

Kerawalapitiya — 3

0.997

KHD (Asia power) — 1

KHD (Asia power) —2 | 0.997
Puttalam Coal -
Upper kotmale -
Heledanavi — 1 1.3
Heledanavi — 2 1.3
Kotmale — 3 3.02
Polpitiya — 1 2.84
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Polpitiya — 2 2.84
Canyon — 1 3.8
Canyon — 2 3.8
Kukule — 1 3
Kukule —2 3
New Laxapana — 1 3.3
New Laxapana — 2 3.3
Victoria — 1 3.45
Victoria — 2 3.45
Victoria — 3 3.45
Ukuwela 2.72
Randenigala 3.65
Wimalasurendra 3.2
Laxapana — 1 3.17
Laxapana — 2 2.45
Samanalawewa — 1 34
Samanalawewa — 2 34
Bowatenna 4
Rantembe — 1 2.62
Embilipitiya 1.1

Inertia constant (calculated) of Kotmale3 generator = (

But the experimental value

Hence, the average

The inertia constants used for the corresponding units that were committed at the instant of the
load-flow concerned are given in Table 3.10. Even though it has been assumed that all thermal
power generators in the power system are steam-turbine power plants, in calculating inertia
constants corresponding to gas-turbine/ diesel power plants, they were calculated considering

them as non-condensing turbine generators with inertias in the range of 4 to 3 s. Because of the

_ (3.17—3.45

3.17-3.45
8.3-71

) x (P — 8.3) + 3.17

) x (67 —8.3) + 3.17

8.3-71
3.432s

3.432s
(3.432 + 3.02)/2
6.45/2 s

~3.2s
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doubts with the accuracy of experimental values obtained, in certain cases approximated values

were used.

Table 3.11: Inertia constants used for the units considered in the simulation.

Station/ generator

Unit capacity

Generator type

Inertia constant

MW) (Hs)

Barge 60 Thermal (diesel) 3.14
KCCPgas 161 Thermal (gas) 3.79
KCCPsteam 81 Thermal (steam) 3.14
Sapugaskanda — 1 9MW x 4 Thermal(diesel: coherent - 4 units.) | 2.53
Sapugaskanda — 2 9 MW x 4 Thermal(diesel: coherent - 4 units.) | 2.53
Sapugaskanda — 3 18 MW x 4 Thermal(diesel: coherent - 4 units.) | 2.65
Kerawalapitiya — 1 100 MW Thermal (gas) 3.62
Kerawalapitiya — 2 100 MW Thermal (gas) 3.62
Kerawalapitiya — 3 100 MW Thermal (gas) 3.62
KHD (Asia power) — 1 | 6.375 MW x 4 | Thermal(diesel: coherent - 4 units.) | 2.51
KHD (Asia power) —2 | 6.375 MW x 4 | Thermal(diesel: coherent - 4 units.) | 2.51
Puttalam Coal 300 MW Thermal (steam) 4
Upper kotmale 75 MW Hydro 3.47
Heledanavi — 1 17 MW x 3 Thermal(diesel: coherent - 3 units.) | 2.63
Heledanavi — 2 17 MW x 3 Thermal(diesel: coherent - 3 units.) | 2.63
Kotmale — 3 67 MW Hydro 3.2
Polpitiya — 1 37.5 MW Hydro 2.84
Polpitiya — 2 37.5 MW Hydro 2.84
Canyon — 1 30 MW Hydro 3.8
Canyon — 2 30 MW Hydro 3.8
Kukule — 1 35 MW Hydro 3.0
Kukule — 2 35 MW Hydro 3.0
New Laxapana — 1 50 MW Hydro 33
New Laxapana — 2 50 MW Hydro 33
Victoria — 1 70 MW Hydro 3.45
Victoria — 2 70 MW Hydro 3.45
Victoria — 3 70 MW Hydro 3.45
Ukuwela 20 MW Hydro 2.72
Randenigala 61 MW Hydro 3.65
Wimalasurendra 25 MW Hydro 3.2
Laxapana — 1 8.33 MW Hydro (coherent - 3 units.) 3.17
Laxapana — 2 12.5 MW Hydro (coherent - 2 units.) 2.45
Samanalawewa — 1 60 MW Hydro 3.4
Samanalawewa — 2 60 MW Hydro 34
Bowatenna 40 MW Hydro 3.0
Rantembe — 1 25 MW Hydro 2.62
Embilipitiya 100 MW Thermal (diesel) 3.62
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3.2.5. Exciters

The generator excitation system consists of an exciter and an AVR and is necessary to supply the
generator with DC field current as shown in Figure 3.2.5. The AVR regulates the generator
terminal voltage by controlling the amount of current supplied to the generator field winding by

the exciter. Generally the exciters can be classified as shown in Figure 3.2.5.

The block diagram shown in Figure 3.2.5 demonstrates how the AVR subsystem operates [6].
The measured generator terminal voltage V, is compensated for the load current I, and compared
with the desired reference voltage V. to produce the voltage error AV. This error is then
amplified and used to alter the exciter output, and consequently the generator field current, so
that the voltage error is eliminated. This represents a typical closed-loop control system. The
regulation process is stabilized using a negative feedback loop taken directly from either the

amplifier or the exciter.

excitation current
is supplied by DC
generator

Rotating e N

excitation current
is supplied by AC

Exciter generator with
rectifier
\\ y,
( )
Static — Use pof static
thyristor systems

Figure 3:16: Basic types of exciters
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Figure 3:17: Block diagram of the excitation and AVR system. PSS, power system stabilizer [6].

3.2.5.1. Exciter types used in modeling the Power System

DC generators usually have relatively low power ratings; they are cascaded to obtain the

necessary output as shown in Figure 3.2.5.1.

AE ME SR g

QL&

AVR

Figure 3:18: Cascaded DC generators. SG, synchronous generator; SR, slip rings; ME, main
exciter; AE, auxiliary exciter; AVR, automatic voltage regulator [6].
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Because of commutation problems with DC generators, this type of exciter cannot be used for
large generators which require large excitation currents (usually power rating of the exciter is in
the range 0.2-0.8% of the generator’s megawatt rating) [6]. Hence, in this power system
simulation, for all generators, exciter model AC1A (Figure 3.2.5.1 and Figure 3.2.5.1), which is

an ac-exciter was used.

3.2.5.2. Simplified Schematic Diagram and corresponding control System

A}

Vref
Exciter_(AC1A
> ke
ErlJEf If "

7T

Figure 3:19: exciter model ‘AC1A’ which was used for the simulation

VueL
Vamax
1+sl¢ Ka HV
. —
1+5Tg 1+5T, Gate
Vamm
sKr

145Tf

Figure 3:20: IEEE Alternator Supplied Rectifier Excitation System #1 (AC1A) as in PSCAD
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A Output of terminal voltage transducer and load compensation
elements [p.u.]
Vier Voltage regulator reference (determined to satisfy initial

conditions) [p.u.]

A Combined power system stabilizer and possibly discontinuous
control output after any limits or switching, as summed with
terminal voltage and reference signals [p.u.]

v, Excitation system stabilizer output [p.u.]

Vanex e Vanm = Maximum and minimum regulator output limits [p.u.]
Ka Voltage regulator gain [p.u.]
TailiTe Voltage regulator time constants [s]
Vi Under-excitation limiter output [p.u.]
Vor Over-excitation limiter output [p.u.]
VoV = Maximum and minimum regulator output limits [p.u.]

A Voltage regulator output [p.u.]

Vie Signal proportional to exciter field current [p.u.]

Te Exciter time constant, integration rate associated with exciter
control [s]

Ve Exciter voltage back of commutating reactance [p.u.]

Ke Exciter constant related to self-excited field [p.u.]

Ko Demagnetizing factor, a function of exciter alternator reactance
[p.u.]

Ke Excitation control system stabilizer gain [p.u.]

Vi Signal proportional to exciter saturation [p.u.]

Sy [VE] Exciter saturation function value at the corresponding exciter

voltage, VE' back of commutation reactance [p.u.]

K¢ Rectifier loading factor proportional to commutation reactance
[p.u.]

leo Synchronous machine field current [p.u.]

Iy Normalized exciter load current [p.u.]
Fex Rectifier loading factor, a function of IN [p.u.]
Eep Exciter output voltage [p.u.]

Figure 3.2.5.2 shows the exciter model ‘AC1A” which was used for the simulation. The control
system of the ‘IEEE Alternator Supplied Rectifier Excitation System #1 (AC1A)’ as given in
PSCAD is shown in Figure 3.2.5.2. Further, with reference to [6], this can be considered as ‘the
excitation system with AC alternator and the uncontrolled rectifier’ given in Figure 3.2.5.2.
Referring to Chapter 11 of [6], the corresponding values for the parameters of the AC exciter
were decided. There it has been justifies that the same DC-exciter parameters could be used for
the above AC-exciter system. Therefore the corresponding parameter values were decided

accordingly.
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The excitation system is stabilized by the feedback loop with transfer function,

K.(s) = Kgs
6= (A + Trs)
Alternatively the excitation system could be stabilized by supplying this block directly from the

output of the voltage regulator or from the excitation voltage Er.

max

l:m\ r min U*-
AV { Ka G 34 E¢

SOk |+

7\ S

K¢ (s) / ( I¢ )
—. E
/’ Ke Ishc

; '
C}_; ‘.—‘ .\.I. -y l"
! Isic
/ 5
Kp ! :

chgul;nur —+ Alternator -|~— Rcclificr—*l

Figure 3:21: The excitation system with AC alternator and the uncontrolled rectifier [6]

In the Figure 3.2.5.2, the feedback stabilization is done by an additional block with the transfer
function K(s) in the forward path preceding the regulator block. Both Kg(s) and K(s) depend on
the specific excitation system and can be implemented by either analogue or digital techniques.

K(s) can be given as the transfer function,

(1 +T¢s)

KO =T

This can be simplified by neglecting T¢ and Ty variables and thereby K(s) = 1.

78



With reference to [6] page 465, A (separately excited) DC exciter usually operates so that the

parameter Kg = 0.8-0.95. This can be approximated to Kg = 1. The time constant, Tg <1 s,

.. Tg = 0.5 s. Typical values for time constant T, = 0.05 — 0.2 s and gain K4 = 20 - 400. The

high regulator gain is necessary to ensure small voltage regulation of the order of 0.5 %.
Although this high gain ensures low steady-state error, when coupled with the length of the time
constants the transient performance of the exciter is unsatisfactory. To achieve an acceptable
transient performance the system must be stabilized in some way that reduces the transient (high-
frequency) gain. This is achieved by a feedback stabilization signal represented by the first-order
differentiating element with gain K¢ and time constant Tr. Typical values of the parameters in

this element are T = 0.35 — 1s and Kf =0.01 — 0.1.

3.2.5.3. Sample Calculation

Referring to section 3.2.6.2 — Simplified schematic diagram and corresponding control system,
AclA forward path parameters and exciter parameters were set. As given in Figure 3.2.5.3, most
of the parameters in control systems of ‘hydro-power generator exciter’ and ‘steam turbine

generator exciter’ are common to both, but few are different from each other.

3.2.5.4. Values Used with PSCAD window
Figures a, b, ¢, d and e of Figure 3.2.5.4 corresponds to Configuration and respective AclA

Forward Path Parameters and Exciter Parameters of Hydro-power generator exciter and Steam

turbine generator exciter.
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Exciter Status => 0-Initialize;1-Normal
Output internally computed initial Vref?
Load Compensating Resistance (Rc)
Load Compensating Reactance (Xc)
Transducer Time Constant (TR)

Is there a Stabilizer ?

’
[excac] Type AC exciter B
-
AC Exciter Type IAC1A v I

Cancel | Help...

o
Yes N

No v

[excac] Type AC exciter u [excac] Type AC exciter u

Ac1A Forward Path Parameters 4

Lead Time Constant (TC) [oorsr
Lag Time Constant (TB) W
Regulator Gain (KA) [s000tpu
Regulator Time Constant (TA) [oo2s
Max Reg. Internal Voltage (VAMAX) W
Min Reg. Internal Voltage (VAMIN) [W

Under Exc. Limit Input Signal? No =
Over Exc. Limit Input Signal? No «|l |l

Max Regulator Output (VRMAX) | 6.03 [pu]
Min Regulator Output (VRMIN) I -5.43 [pu]
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Ac1A Exciter Parameters v

Rate Feedback Gain (KF) i
Rate Feedback Time Constant (TF) [tom
Exciter Time Constant (TE) [W
Exct. constant related to field (KE) [W
Field Circuit Commutating Reactance (KC) W
Demagnitizing factor ( KD) [W
Saturation at VE1 ( SE(VE1)) W
Exicter Voltage for SE1 (VE1) W
Saturation at VE2 ( SE(VE2)) [o03pu
Exicter Voltage for SE2 (VE2) W
Under Excitation Limiter Input (VUEL) [W
Over Excitation Limiter Input (VOEL) [W

Cancel | Help... Cancel | Help... |
:‘




r ™
[excac] Type AC exciter (S fexcac] Type AC exciter =3 |
Ac1A Forward Path Parameters Y Ac1A Exciter Parameters Y
Lead Time Constant (TC) I 0.0 [s] Rate Feedback Gain (KF) 0.01 [pu]
Lag Time Constant (TB) I 0.0 [s] Rate Feedback Time Constant (TF) 0.35[s]
Regulator Gain (KA) I 400.0 [pu) Exciter Time Constant (TE) 0.50 [s]
Regulator Time Constant (TA) I 0.05[s] Exct. constant related to field (KE) 1.00 [pu]
Max Reg. Internal Voltage (VAMAX) I 14.5 [pu] Field Circuit Commutating Reactance (KC) 0.20 [pu]
Min Reg. Internal Voltage (VAMIN) |_14‘5 [pul Demagnitizing factor ( KD) 0.38 [pu]
Under Exc. Limit Input Signal? No = Saturation at VE1 ( SE(VE1)) 0.10 [pu]
Over Exc. Limit Input Signal? No v Exicter Voltage for SE1 (VE1) 4.18 [pu]
Max Regulator Output (VRMAX) I 6.03 [pu] Saturation at VE2 ( SE(VE2)) 0.03 [pu]
Min Regulator Output (VRMIN) I -5.43 [pu] Exicter Voltage for SE2 (VE2) 3.14 [pu]
| Under Excitation Limiter Input (VUEL) l -1.0E10 [pu] 1
Over Excitation Limiter Input (VOEL) l 1.0E10 [pu]
l |
Cancel | Help... Cancel Help... I
d‘ — — e. — —

Figure 3:22: values used with PSCAD windows in configuring AclA exciters; a. Configuration,
b. Hydro-gen.’s forward path parameters, c. Hydro-gen.’s exciter parameters, d. Steam turbine
gen.’s forward path parameters, e. Steam turbine gen.’s exciter parameters.

3.2.6. Turbines

In a power system, synchronous generators are usually driven by steam turbines or gas
turbines or hydro-turbines. There are two types of prime movers used for large-scale
power generation. They are hydraulic (hydro) turbines, and steam turbines. The hydraulic
turbine converts hydraulic energy into rotating kinetic energy of the prime mover, the
steam turbine converts steam thermal energy into rotating kinetic energy of the prime

mover; which is then converted into electric power by the generator [6], [40].
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3.2.6.1. Turbine types used in modeling the Power System

As stated in previous chapters all thermal power plants in the power system were
assumed as steam turbine power plants. Therefore,

e steam turbine and

e hydro turbine

are the two types of turbines considered in this power system modelling.

3.2.6.2. Steam turbines

In coal-burn or oil-burn power plants, the energy contained in the fuel is used to produce high-
pressure, high-temperature steam in the boiler. The energy in the steam is then converted to
mechanical energy in axial flow steam turbines. Each turbine consists of a number of stationary
and rotating blades concentrated into groups/ stages. Typically a complete steam turbine can be
divided into three or more stages, with each turbine stage being connected in tandem on a
common shaft. Dividing the turbine into stages in this way allows the steam to be reheated
between stages to increase its enthalpy and consequently increase the overall efficiency of the
steam cycle. Modern coal-fired steam turbines have thermal efficiency reaching 45%. Steam
turbines can be classified according to the number of re-heat units it has.

e Non-reheat systems

e Single reheat systems

e Double reheat systems

3.2.6.3. Simplified Schematic Diagram and corresponding control System of Steam
turbine

A steam turbine configuration with a single tandem reheat arrangement is shown in Figure
3.2.6.3.
Generally a turbine has three stages in three sections,

e High pressure (HP)

e Intermediate pressure (IP)
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e Low pressure (LP)

TRH

<

boiler

1- l B5Y
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| SD [ ail

I LF

L]

shaft
—
to generator
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[
/

ik

to condenser
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Figure 3:23: Steam configuration of a tandem compound single-reheat turbine [6].

Steam from the boiler enters the steam chest and flows through the main emergency stop valve
(MSV) and governor control valve (GV) to the HP turbine. In this HP turbine the steam is
partially expanded (i. e. pressure is slightly reduced). Then it is directed back to the boiler to be
reheated in the heat-exchanger to increase its enthalpy. The steam then flows through the reheat
emergency stop valve (RSV) and the intercept control valve (IV) to the IP turbine where it is
again expanded and made to do work. This IV is in use only for rapid control of turbine
mechanical power during an over-speed,
e Ahead of the re-heater

e Controls steam flow to IP and LP sections.

On leaving the IP stage the steam flows through the crossover piping for final expansion in the
LP turbine. Finally the steam flows to the condenser to complete the cycle. Typically the
individual turbine stages contribute to the total turbine torque in the ratio 30% (HP) : 40% (IP) :
30% (LP).
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The steam flow in the turbine is controlled by the governing system (GOV). When the generator
is synchronized the emergency stop valves are kept fully open and the turbine speed and power
regulated by controlling the position of the GV and the IV. The speed signal to the governor is
provided by the speed measuring device (SD). The main amplifier of the governing system and
the valve mover is an oil servomotor controlled by the pilot valve. When the generator is
synchronized the emergency stop valves are only used to stop the generator under emergency

conditions, although they are often used to control the initial start-up of the turbine [6], [11].

Due to a change in GV opening, steam flow to the turbines changes. This involves some time

constant, Tcy (.".charging time of steam chest and inlet piping to the HP section). Ty =0.2-0.3 s.

Steam flow in IP and LP sections can be changed only with the buildup of pressure in the reheat

volume. Try = 5 — 10 s. The steam flow from IP to LP through cross-over involves a time

constant, Tco. Teo = 0.5 s.

Figure 3.2.6.3 shows a block diagram representation of a control system of a steam turbine as per
[11]. This model accounts for the effects of inlet steam chest, re-heater, and the nonlinear
characteristics of the control and intercept valves. The re-heater representation differs from the
representation of steam chest and LP inlet crossover piping. This is to allow computation of re-
heater pressure to account for the effects of intercept valve actuation. ‘Base power equal to the
maximum turbine power at rated main steam pressure with the control valves fully open’ can be
considered as a convenient per unit system. In this system, CV position is 1.0 pu when fully
open. Then,

FHP + FIP + FLP = 10 pu

Figure 3.2.6.3 shows a single reheat tandem-compound steam turbine model with its (a) turbine

configuration and (b) block diagram representation [11].

84
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Figure 3:24: control system of a single reheat tandem compound steam turbine as per [11]; a.
Turbine configuration; b. Block diagram representation

Where,
Tcw = time constant of main inlet volumes and steam chest
Try = time constant of re-heater
Tco = time constant of crossover piping and LP inlet volumes
Tm = total turbine torque in per unit of maximum turbine power
Tme = total turbine mechanical torque in per unit of common MVA base
Pmax = maximum turbine power in MW
Fup, Fip, FLp = fraction of total turbine power generated by HP, IP, LP sections, respectively

MVApase = common MVA base
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Comparing the control systems given in PSCAD (Figure 3.2.6.3) and [11] (Figure 3.2.6.3) for a
steam turbine, the corresponding time constants and gains were identified. The typical values

given in [11] were used in configuring the steam turbine in the power system simulation model.

1 - 1 1
o A s I sy ||
1+5Tg Ts s \( 1+5Tg 1+5sTy
v [x

Figure 3:25: Generic turbine Model including intercept valve effect as given in PSCAD

Where,
Cy = Control valve flow area [p.u.]
v = Intercept valve flow area [p.u.]
K = Kfraction [p.u.]
Py =
T, = Steam chest time constant [s]
T = Reheater time constant [s]
Tg = Reheater/cross-over time constant [s]
T, = Cross-over time constant [s]
PMECH,, = HP turbine power output [p.u.]
PMECH,, = LP turbine power output [p.u.]

It has been assumed that no cross over piping is available for the turbine system. Hence there is

no Tco. .. Tcor = Tcoz = 0.0 s. A set of typical values as given in [11] are appeared in Table

3.12. Their ranges of existence were discussed in detail in this chapter previously.
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this part can be neglected

Figure 3:26: Generic model for steam turbines [11]

Table 3.12: Typical values in Figure 3.2.6.3 corresponding to Figure 3.2.6.3

Gain, K or .
. - Corresponding values
Time-constant, T in Figure in Figure 3.2.6.3

3.2.6.3 T
T, Tcn
T, neglected
T; Tru
T, Tco1 (- neglected)
Ts Tcoz (- neglected)
K, = Fup
K2 =0
K3 =
K4 =
Ks Frp
Ke Frpi
K7 =0
Ky =0
Ko Frpo
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Table 3.13: Comparison of time constants and gains in Figure 3.2.6.3 (as per [11]-Kundur’s) and
Figure 3.2.6.3 (PSCAD)

Kundur’s PSCAD
T, T4=Tch
T3 Ts =Tru
T4 Ts=Tcoi
Ts T7;=Tcoz
K K = Fnp
K4 K3
Ks K4 =Fp
Ks Ks =Frp
K7 Ks
Kg Ky
Ko Kg=Frp

Referring to the typical values given in [11] and Table 3.12, values for the parameters in the
control system of ‘Generic turbine Model including intercept valve effect as given in PSCAD’
were decided. Corresponding values are appeared in Table 3.13. The same turbine model
configuration was used for all thermal power plants in the PSCAD simulation model (of the

power system of Sri Lanka)

Table 3.14: Values used for the parameters in the control system of ‘Generic turbine Model
including intercept valve effect as given in PSCAD’

PSCAD Values as per the Figure 3.2.6.3
T4 TCH =0.3s
T5 TRH =50s
T6 TCOl =0.0s
T7 Tcoz =0.0s
K] FHp =0.297
K, =0.001
K3 =0.001
K4 F]p =0.697
K5 FLPI =0.001
Ks =0.001
K5 =0.001
Ksg Fip=0
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3.2.6.4. Values Used with PSCAD window

Figures a, b, ¢, d and e of Figure 3.2.6.4 corresponds to actual parameter values used in ‘Generic
Turbine Model including Intercept Valve effect (TUR2)’ Configuration, Hp Turbine:
Contributions, Lp Turbine: Contributions, Time Constants and Intercept Valve.

e '
[th_tur] Thermal Turbine S

IConﬁguration LI
Control of Intercept Valve? Yes Y
Turbine (HP + LP)Initial Output Power I Tmstdy
Turbine Status=> 0-Initialize,1-Normal ntGy

CV Initial Value: Variable(Same as Gov.) ] CVINP
OK I Cancel I Help... I

a.
[th_tur] Thermal Turbine i ’ g [th_tur] Thermal Turbine F

Hp Turbine: Contributions v

K1 Fraction IW K2 Fraction W
K3 Fraction [o001pul K4 Fraction [oes7 o
KS Fraction [o001 ey K6 Fraction [oo0t o
K7 Fraction [o00tpu K8 Fraction [oo0t o

Cancel I Help... | OK I Cancel | Help...

‘!

b. c
[th._tur] Thermal Turbine R [th.tur] Thermal Turbine R
- -
Steam Chest Time Constant (T4) W IV Initial Value: Variable(Same as Gov.) VINP

Reheater Time Constant (TS) | 5.0[s] Max. Value of Reheat Pressure (PRmax) | 1.00 [pu]

Reheater/Cross-over Time Const.(T6) I 0.0 [s]
Cross-over Time Constant (T7) I 0.0 [s]

Cancel | Hep... | ok | Cancel | Help... |

d. e.
Figure 3:27: Values used with PSCAD windows in configuring Steam Tur 2 (Generic turbine
model including intercept valve effect); a. Configuration, b. Hp turbine: contributions, c. Lp
turbine: contributions, d. Time constants, e. Intercept valve
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This Steam_Tur 2 models an IEEE type thermal turbine and Figure 3.2.6.4 shows that thermal
(steam) turbine model — Generic turbine model including intercept valve effect (TUR2), which

was used for the simulation.

L |

Tm1
oy m
Steam_Tur_2

Iv
Wiref T2

Figure 3:28: ‘Steam_Tur 2’ Generic turbine model including intercept valve effect (TUR2) used
for the power system simulation

3.2.6.5. Hydro turbines

For hydro power plants the hydro turbine model ‘Non-elastic water column without
surge tank (TUR1)’> was used. Figure 3.2.6.5 shows the above model as it appears in

the PSCAD simulation model.

L |

W Tm
- z

Hydro Tur 1
— z
Wiref

Figure 3:29: Hydro turbine model used in power system simulation — ‘Non-elastic water column
without surge tank (TUR1)’

The corresponding block diagram of the control system of the ‘Non-elastic water column without

surge tank (TUR1)’ is appeared in Figure 3.2.6.5.
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Figure 3:30: Block diagram of control system of ‘Non-elastic water column without surge tank’,

TURI1, PSCAD simulation model

3.2.6.6. Values Used with PSCAD window

In the Figure 3.2.6.6 the parameter values with PSCAD configuration is given.

Cancel I

l=

Help... I I

[hy_tur] Hydro Turbine % . @3 | [ (hy_tud Hydro Turbine L [

2 :
Elastic Water Column No = Head at rated conditions W
Surge Tank No = Output Power at rated conditions W
Input signal for Jet Deflecter required ? No = Gate position at rated conditions W

Input signal for Relief Valve required ? No = Rated No-Load conditions Flow =
Turbine Status=> 0-Initialize;1-Normal IntGv Rated No-load Flow W
Rated No-Load Gate W

Cancel |

Help... I i

a.
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{ N r ™y
[hy_tur] Hydro Turbine ﬁ [hy_tur] Hydro Turbine ﬁ

Initial Conditions v ur1: Non_Elastic Water Column & No Surge Tank v

Initial Output Power | Tmstdy Water Starting Time (TW) | 20[s]
Initial Operating Head I 1.0 [pu] Penstock Head Loss Coefficient (fp) I 0.02 [pu]
Turbine Damping Constant (D) I 0.5 [pu]

Figure 3:31: Values used with PSCAD windows in configuring Hydro Tur 1 (Non-elastic water
column without surge tank (TUR1)); a. Configuration, b. Rated Conditions, c. Initial Conditions,
d. Tur: Non_Elastic Water Column & No Surge Tank

3.2.7. Governors

Each turbine is equipped with a governing system (Figure 3.2.7) to provide a mechanism
by which the turbine can be started, run up to the operating speed and operate on load

with the required power output [6], [40].

3.2.7.1. Governor types used in modeling the Power System

For the steam turbines and hydro turbines in the simulation,
e steam governors and
e hydro governors
were used respectively. GOV2: Mechanical — Hydraulic Controls (GE) and GOV3:
Electro — Hydraulic Controls (GE) were used in simulating steam turbine governors. For
the control of hydro turbines, governor models, GOV 1: Mechanical — Hydraulic Controls
and GOV3: Enhanced Controls for Load Rejection Studies were used. Table 3.15 gives

the Governor control systems of the PSCAD simulation with corresponding turbines.
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Table 3.15: Governor Models of PSCAD used in controlling steam and hydro turbines of the
simulation of the Power system of Sri Lanka

Thermal (steam) Governors Hydro Governors
Barge GOV2 Upper Kotmale GOV1*
KHD-1 GOV2 Kotmale-1 GOV3
KHD-2 GOV2 Kotmale-2 GOV3
Keravalapitiya-1 GOV2 Kotmale-3 GOV3
Keravalapitiya-2 GOV2 Kukule-1 GOV3
Keravalapitiya-3 GOV2 Kukule-2 GOV3
Kelanitissa-1 GOV2 Samanalawewa-1 | GOV3
(CombinedCyclePP)
Kelanitissa-2 GOV2 Samanalawewa-2 | GOV3
(CombinedCyclePP)
Sapugaskanda-1 GOV3' Canyon-1 GOV3
Sapugaskanda-2 GOV3' Canyon-2 GOV3
Sapugaskanda-3 GOV3' New Laxapana-1 | GOV3
Coal Power Plant GOV2 New Laxapana-2 | GOV3
Heladanavi-1 GOV2 Laxapana-1 GOV3
Heladanavi-2 GOV2 Laxapana-2 GOV3
Embilipitiya GOV2 Polpitiya-1 GOV3
Polpitiya-2 GOV3
Victoria-1 GOV3
Victoria-2 GOV3
Victoria-3 GOV3
Wimalasurendra | GOV3
Randenigala GOV3
Ukuwela GOV3
Bowatenna GOV3
Rantembe GOV3

% over shoot of power (of SapugaskandaPP) during starting of the generator
(during the transient period) could be minimized with GOV3 than with GOV?2.
when run the simulation load flow was stopped with ‘Upper Kotmale PP with
GOV3.’ This could be eliminated by using GOV1.

3.2.7.2. Simplified Schematic Diagram and corresponding control System

The Thermal (steam) governor used mostly is the Steam Gov_2 (GOV2) but only for
modelling Sapugaskanda-PP the Steam Gov_3(GOV3) was used. Hydro Governor-2
and 3 as appeared in PSCAD are shown in Figure 3.2.7.2, a. and b. respectively.
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Figure 3:32: Governor models used in PSCAD; a. Steam Gov_2(GOV2) b.
Steam_Gov_3(GOV3)

The block diagrams of the control systems of thermal governor ‘Steam Gov 2 (Mechanical-

hydraulic controls (GOV2))’ and ‘Steam_ Gov_3 (Electro-hydraulic controls (GOV3))’ are

appeared in Figure 3.2.7.2 and Figure 3.2.7.25 respectively.
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Figure 3:33: Block diagram of control system of Steam Gov_2 (Mechanical-hydraulic controls),

PSCAD simulation model

Where,
Cy = Control Valve Flow Area [p.u.]
Iy = Intercept Valve Flow Area [p.u.]
R = Permanent Droop [p.u.]
Ty = IV Servo Time Constant [s]
T = Gate Servo Time Constant [s]
Ty = Speed Relay Lag Time Constant [s]
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As per [11], the block diagram of ‘Mechanical-hydraulic controls governing system’ is appeared
in Figure 3.2.7.2. By comparing the block diagrams in Figure 3.2.7.2 and Figure 3.2.7.2, typical
values for corresponding parameters of PSCAD control system were decided. These values are

appeared in Table 3.16.

A
J._ CV servomotor
K | . Rate Position
[_‘5_. | Speed relay limits  limits
‘ | L(;; 1 D
- S 115, + v
L. -_i- .t - I_ 1 1_ l [ . :',r’"\J_FlDW
- “gf’d: | Tep | 5 TSM / /__/  area

Ratc Position

4+ 17 + . limits llmm-,
0I5 =) 4y @10 Ly

F luw

HW#% j

' IV servomotor

1.65

Figure 3:34: Block diagram of ‘Mechanical-hydraulic controls governing system’ as per [11].

Table 3.16: Typical values for the parameters in Mechanical-Hydraulic Controls (GE)(GOV2)
model in PSCAD.

Parameter as per [11] | Corresponding parameter in PSCAD | Typical value
Kg 1/R 20
Tsr Tsr (Speed Relay time constant) 0.1s
Tsm Tsm (CV sevo-motor time constant) 02s
Ts1 Ts;  (IV sevo-motor time constant) 02s
L P up 0.2 pu/s
Lco P _down -0.5 pu/s
Ly I up 0.2 pu/s
Lp I down -0.5 pu/s
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PLU or Iv Trigger)

Figure 3:35: Block diagram of control system of governor Electro-Hdraulic Controls (GOV3), as
per PSCAD simulation model

Where,
Cy = Control Valve Flow Area [p.u.]
lv=  Intercept Valve Flow Area [p.u.]
R = Permanent Droop [p.u.]
Ty, = IV Servo Time Constant [s]
Tow = Gate Servo Time Constant [s]
Pr = Steam Pressure (constant)

As per [11], the block diagram of ‘Electro-hydraulic controls governing system’ is appeared in
Figure 3.2.7.2. By comparing the block diagrams in Figure 3.2.7.2 and Figure 3.2.7.2, typical
values for corresponding parameters of PSCAD control system were decided. These values are

appeared in Table 3.17
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Figure 3:36: Block diagram of ‘Electro-hydraulic controls governing system’ as per [11]

Table 3.17: Typical values for the parameters in Electro-Hydraulic Controls (GE) (GOV2) model
of a steam turbine in PSCAD.

Parameter as per [11] Corresponding parameter in PSCAD Typical value
Kg 1/R 20
Tsm Tsm (CV sevo-motor time constant) 0.1s
Ts1 Ts;  (IV sevo-motor time constant) 0.1s
L P up 0.1 pu/s
| ) P down -0.2 pu/s
Ly I up 0.1 pu/s
Lp I down -0.2 pu/s
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The hydro turbine governor used mostly is the Hydro Gov_3 (GOV3) but only for modelling
Upper-Kotmale-PP the Hydro Gov_1 (GOV1) was used. Hydro Governor-1 and 3 as appeared
in PSCAD are shown in Figure 3.2.7.2, a. and b. respectively.

L L

W W
Z A o
Hydro Gov 1 Hydro Gov 3
20 20
Wref Wiref
a b.

Figure 3:37: Governor models used in PSCAD; a. Hydro Gov_1(GOV1) b.
Hydro_Gov_3(GOV3)

The block diagrams of the control systems of hydro governor ‘Hydro Gov_1 (Mechanical-
hydraulic controls (GOV1))’ and ‘Hydro_Gov_3 (Enhanced controls for load rejection studies
(GOV3))’ are appeared in Figure 3.2.7.2 and Figure 3.2.7.2 respectively.

Speed  Maximum

Pilot Valve
Servomator é:»r?r': Opegié:gs 1 Gate
Time Constant [_ f— Servomotor
Wref I [ = 1 LI
(Speed Reference) 1+sTp v, Js 1+sTg (Gate Position)
Speed Minimum
Limit Gate

CLOSE Opening =1

Rp

Permanent Droop
Compensation

o+ Ry
1 Transient Droop

Compensation

Figure 3:38: Block diagram of the control system of hydro governor ‘Hydro Gov_1 (Mechanical
- hydraulic controls (GOV1))
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Q=  Servogain [p.u.]
Rp = Permanent Droop [p.u.]
R, = Temporary Droop [p.u.]
‘|'g - Main Servo Time Constant [s]
Tp = Pilot valve and servo motor time constant [s]

Reset or Dashpot Time Constant [s]

-
1]

As per [11], the block diagram of ‘Electro-hydraulic controls governing system’ is appeared in
Figure 3.2.7.2. By comparing the block diagrams in Figure 3.2.7.2 and Figure 3.2.7.2, typical
values for corresponding parameters of PSCAD control system were decided. These values are

appeared in Table 3.18.

i Max. gate
Pllﬂ;ﬂ‘éalw R nax open position = 1
servomotor /_ f'_
I 1 1 3
1+sTp| K | = L+sT [
T T | o
Rowecise ~ Min, gate | SETvOmotor
position =0
©F R I°
+ Permanent
droop
5Ty
Ry 1+5Ty |. ,
Transient
droop

Figure 3:39: Block diagram of governing system for hydraulic turbine as per [11]
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Table 3.18: Typical values for the parameters in Mechanical-Hydraulic Controls (GE) (GOV1)
model of a hydro turbine in PSCAD.

Parameter as per [11] Corresponding parameter in PSCAD Typical value
Tp Tp 0.05s
Ks Q 5.0
Tg T, 0.2s
Rp Rp 0.04
R R, 0.4
TR TR 5.0s
Max. gate position Gmax 1
Min. gate position Gmin 0
Rmax open MXGTOR 0.16 pu/s
1{max close MXGTCR 0.16 pU/S
Jet
Deflector
MXJDOR
1 1 Deflector
o To J B Position
MXIDCR
GOVERNOR D_,_ 0.01 Gate
w . - Servo
(Speed) Cmax <1 MXGTOR of
[ MXBTOR
Wref 1 1+sTp e 1 _f_ 1 Gate
(Speed Reference) (1 +5sTp) STRR, = Tg 1 s = Opening
o 7 7 MXGTCR or
ref Griw = 0 MXBTCR
MN
Rp
Permanent Df('X)p NELYCR RVLMAX
Compensation P rat f_ Relief
1? Valve
Onent
| pening
Relief
Valve (0)

Figure 3:40: Hydro Gov_3 (Enhanced controls for load rejection studies (GOV3))
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Where,

Guax =  Maximum Gate Position [p.u.]
G = Minimum Gate Position [p.u.]
MXBGCR = Maximum Gate Buffer Closing Rate [p.u./s]
MXBGOR = Maximum Gate Buffer Opening Rate [p.u./s]
MXGTCR = Maximum Gate Closing Rate [p.u./s]
MXGTOR = Maximum Gate Opening Rate [p.u./s]
MXIDCR = Maximum Jet Deflector Closing Rate [p.u./s]
MXIDOR = Maximum Jet Deflector Opening Rate [p.u./s]
RVLMAX = Maximum Relief Valve Position [p.u.]
RVLVCR = Relief Valve Closing Rate [p.u./s]
Rp = Permanent Droop [p.u.]
Ry = Temporary Droop [p.u.]
'|'g - Main Servo Time Constant [s]
Tp = Pilot valve and servo motor time constant [s]
T, = Reset or Dashpot Time Constant [s]

With reference to [11], the block diagram shown in Figure 3.2.7.2 and sample data in Table 3.19
provide values to configure the governor model ‘Hydro Gov_ 3 (Enhanced controls for load

rejection studies (GOV3))’ of PSCAD.

Table 3.19: values used to configure the governor model ‘Hydro Gov_3 (Enhanced controls for
load rejection studies (GOV3))’

Parameter as per [11] Corresponding parameter in PSCAD Typical value
Tp Tp 0.05s
Ks Q 5.0
TG Tg 02s
Rp Rp 0.04
Rt R; 0.4
Tr Tr 50s
Max. gate position Gmax 1
Min. gate position Gmin 0
Rimax open MXGTOR 0.16 pu/s
Rmax close MXGTCR 0.16 pLI/S

MXBGOR
MXBGCR
MXJDOR
MXJDCR
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3.2.7.3. Values Used with PSCAD window

Figure 3.2.7.3 shows the parameter values for thermal (steam) turbine governor types used in the
simulation of power system of Sri Lanka: Steam Governor 2 and Steam Governor 3 with a.
PSCAD configuration for Steam Gov 2, b. PSCAD configuration for Steam _Gov 3, c.
parameters of Gov2: Mechanical-Hydraulic (GE) Governor: section 1, d. parameters of Gov2:
Mechanical-Hydraulic (GE) Governor: section 2, e. parameters of Gov3: Electro-Hydraulic (GE)

Governor: section 1 and f. parameters of Gov3: Electro-Hydraulic (GE) Governor: section 2.

s Y
[th_gov] Thermal Governor g [th_gov] Thermal Governor > u
- -
Thermal Governor Model GOV2 v Thermal Governor Model IGOV3 v I
Gov/Turb Status => 0-Initialize;1-Normal I InitGv1 Gov/Turb Status => 0-Initialize;1-Normal I nitGv1
CV Initial Value (Same as Turbine) | CVINP1 CV Initial Value (Same as Turbine) I CVINP1

Cancel | Help... N b‘H Cancel | Help... -|
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[th_gov] Thermal Governor [th_gov] Thermal Governor

Gov2: Mechanical-Hydraulic (Ge) Governor : Section 1 %

Dead Band Value [ootou IV Path Accelerator Bias (BIAS1) [oasppu
Permanent Droop (R) [o0spur IV Path Position Bias (BIAS2) [Towa
Speed Relay Time Constant (TSR) W Max. IV Accelerator Value (Amax) W
Gate Servo Time Constant (TSM) W Min. IV Accelerator Value (Amin) W
Maximum CV Opening Rate (P_up) [020tpus) IV Servo Time Constant (TSJ) [ozis
Maximum CV Closing Rate (P_down) W Maximum IV Opening Rate (I_up) [o20pws)
Maximum CV Servo Position (Cmax) W Maximum IV Closing Rate (I_down) [-0sopws)
Minimum CV Servo Position (Cmin) [oopu Maximum IV Servo Posttion (Imax) T
IV Path Accelerator Gain(K1) [20p0 Minimum IV Servo Position (imin) [oopa

IV Path Position Gain(K2) I 2.5[pu) IV Initial Value: Variable(Same as Tur.) VINP

Cancel Help | Cancel Help... |

C i‘%“ d .\7———?“
[th_gov] Thermal Governor G g [th_gov] Thermal Governor [ o u

Gov3: Electro-Hydraulic (Ge) Governor : Section 1 Gov3: Electro-Hydraulic (Ge) Governor : Section 2

Dead Band Value IV Path Position Gain(K2)

0.01 [pu] 2.5[pu]
Permanent Droop (R) IV Path Position Bias (BIAS2)

0.05 [pu] 1.0 [pu]

Max value of Load I 1.0 [pu] IV Servo Time Constant (TSJ) I 0.2[s]
Gate Servo Time Constant (TSM) I 0.2[s] Maximum IV Opening Rate (I_up) I 0.10 [pu/s]
Maximum CV Opening Rate (P_up) I 0.10 [pu/s] Maximum IV Closing Rate (I_down) I -0.20 [pu/s]
Maximum CV Closing Rate (P_down) I -0.20 [pu/s] Maximum IV Servo Position (Imax) I 1.0 [pu]
Maximum CV Servo Position (Cmax) I 1.0 [pu] Minimum IV Servo Position (Imin) I 0.0 [pu]
Minimum CV Servo Position (Cmin) I 0.0 [pu] | PLU Status => 0 = Off; 1=0n I 0
IV Initial Value: Variable(Same as Tur.) I VINP

I I
! I Cancel | Help... J|I

—

Cancel | Help... |
e. — =

—

Figure 3:41: Steam_Governor 2 and Steam_Governor 3 with a. PSCAD configuration for
Steam Gov_2, b. PSCAD configuration for Steam Gov_3, c. parameters of Gov2: Mechanical-
Hydraulic (GE) Governor: section 1, d. parameters of Gov2: Mechanical-Hydraulic (GE)
Governor: section 2, e. parameters of Gov3: Electro-Hydraulic (GE) Governor: section 1, f.
parameters of Gov3: Electro-Hydraulic (GE) Governor: section 2
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The Figure 3.2.7.3 shows the parameter values for hydro turbine governor types used in the

simulation of the power system of Sri Lanka: Hydro Governor 1 and Hydro Governor 3 with

a. PSCAD configuration for Hydro Gov 1, 5. PSCAD configuration for Hydro Gov 3, c.

parameters common to both types, d. Gov_1 Mechanical-hydraulic governor parameters, e.

Gov_3 Enhanced Governor parameters are given.

=

[hy_gov] Hydro Governor . [hy_gov] Hydro Governor
- -
Hydro Governor Model Ic;ov 1 vI Hydro Governor Model IGW 3 vI
Gov/Turb Status => 0-Initialize; 1-Normal IntGy Gov/Turb Status => 0-Initialize; 1-Normal [mieva

Help... I ‘

Cancel I
a

Cancel I

Heb.. ﬂ

_ cancel_| o |Jﬂ

Max. Gate Opening Rate (MXGTOR)

I 0.16 [pu/s]
I 0.16 [pu/s]

Max. Gate closing Rate (MXGTCR)

b.
[hy_gov] Hydro Governor [hy_gov] Hydro Governor . g
- Gov1: MechanicabHydrauic Governor -
Dead Band Value I 0.0 [pu] Pilot Valve Servomotor Time Constant (Tp) I 0.5[s]
Permanent Droop (Rp) I 0.04 [pu] Servo Gain (Q) I 5.0 [pu]
Maximum Gate Position (Gmax) I 1.0 [pu] Main Servo Time Constant (Tg) I 5.0 [s]
Minimum Gate Position (Gmin) I 0.0 [pu] Temporary Droop (Rt) I 0.40 [pu]

Reset or Dashpot Time Constant (TR)

I $0.0 [s]

ESHTR.
d.
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7 a B
[hy_gov] Hydro Governor &
Gov3: Enhanced Governor i

Is Jet deflector in Operation ? No =
Is Relief Valve in Operation ? No v
Pilot Valve Time Constant (Tp) 0.02 [s]
Reset or Dashpot Time Constant (TR) 8.0[s]
Temporary Droop (Rt) 0.75 [pu]
Main Servo Time Constant (Tg) 0.5[s]
Cancel Help... | ‘J

€.

Figure 3:42: a. PSCAD configuration for Hydro Gov_1, b. PSCAD configuration for
Hydro Gov_3, c. parameters common to both types, d. Gov_1 Mechanical-hydraulic governor
parameters, e. Gov_3 Enhanced Governor parameters

3.3.  Control system of the overall Power System

The control system of the overall power system is comprised with three modules. They are:

e LS Logicl

e U Frequency

— senses the frequency and voltage of the system (Biyagama Grid-substation)
— filters the frequency and voltage with ‘Low pass, Chebyshev, Order 3’ filter
and ‘Low pass, Butterworth, Order 2’ filters respectively.

— these values are used to implement the under frequency Load Shedding

scheme (without going for islanding operation)

— senses the frequency and voltage of the system (Biyagama Grid-substation)
— filters the voltage and frequency with ‘Low pass, Chebyshev, Order 3’
filters

— these values are used to implement the tripping action of generators during

low frequencies (f <47 Hz)
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e Add Ld — to see the system response (frequency and voltage) after a sudden load
addition in the power system (here it was performed at Biyagama grid sub-

station)

3.3.1. LS Logicl control system module

Two types of filters were used in measuring ‘system frequency’ and ‘system voltage.” For
the measurement of the system frequency, Low pass, Chebyshev, order-3 filter was
employed and for the measurement of the system voltage, Low pass, Butterworth, order-2

was employed.

Even though the Chebyshev has a ripple in its pass-band, it optimizes the roll-off time [47]. The
main intention of the design is to suggest an under frequency load shedding scheme for the
power system of Sri Lanka. So it is necessary to filter-out the required low frequencies to get the
actual power system frequencies during normal and abnormal situations. The order of the
Chebyshev filter was decided experimentally. It is required to maintain the system frequency at
50 Hz under steady state condition. Selection of the type of filters was done experimentally.
Table 3.20 shows the ‘Maximum overshoot during start of source’ and ‘Steady state frequency’

obtained with different Chebyshev filters.

Table 3.20: Maximum overshoot during start of source and steady state frequency obtained with
different Chebyshev filter settings.

Details of the Chebyshev

filter used
Order 2 3 3 3 4
Base frequency 3 Hz 3 Hz 3 Hz 3 Hz 3 Hz
Ripple 0.05 dB 0.05 dB 0.1dB 0.03 dB 0.05 dB
Maximum overshoot 52.66 Hz 55.01 Hz | 55.08 Hz | 54.92 Hz 56.56 Hz

during start of source

Steady state frequency 49.75Hz | 50 Hz 50.01 Hz | 50.00</>50.015 Hz | 49.76 Hz
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Referring to the results obtained in Table 3.20, the Chebyshev filter with ‘Order = 3, Base

frequency = 3 Hz, Ripple = 0.05 dB, Maximum overshoot during start of source =55.01 Hz,

Steady state frequency = 50 Hz’ was decided to use in detection of frequency, in modeling the

control system of the power system. Figure 3.3.1 shows the PSCAD windows corresponding to

the Chebyshev filter configuration.

r A
[trans_filt] Nith Order Butterworth/Chebyshe ... SES

-
[trans_filt] Nth Order Butterworth/Chebyshev ﬂ

IConﬁguration

Order of transfer function:

Fiter passband:

Fitter type:

OK

Cancel l

ILow pass vl
IChebyshev > l

LI Base Frequency: Y
I 3 = l Base frequency: I 3[Hz]

Help...

[ o< |

Cancel Help...

b.

-
[trans_filt] Nth Order Butterworth/Chebyshev ﬂ

Ripple:

Passband ripple:

o]

Cancel |

[0.05 48]

v

Help... |

C.

Figure 3:43: a. PSCAD configuration of Low pass, Order 3, Chebyshev filter, b. Chebyshev
filter’s base frequency has been set to 3 Hz, c. Its ripple has been set to 0.05 dB.

Since the Butterworth filter optimizes the flatness of the passband [47], a ‘Low pass, Order 2,

Butterworth filter with base frequency 0.5 Hz’ was used to filter-out the voltage signal for

measuring purposes. Figure 3.3.1

configuration.

shows the PSCAD
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7 A g
ftrans_flt] Nth Order Butterworth/Chebyshev ... BRESH [trans_filt] Nth Order Butterworth/Chebyshev ... SRESH)
v v

Order of transfer function: |2 = | Base frequency: | 0.5 [Hz]
Fiter passband: ILow pass v I
Filter type: IButterworth % I

OK I Cancel | Help... l OK I Cancel | Help...

a. b.

Figure 3:44: PSCAD windows with a. Butterworth filter configuration, b. base frequency set to
0.5 Hz.

Figure 3.3.1 shows the Chebyshev and Butterworth filters used in measurement of System

frequency and System voltage respectively, in the control system of the simulation model.

Low pass
thebyshey
-—A’ Drder =3| “"°
SysFreq L 1
¢ ow pass
hebyshey

Order =3

@ Freq/Phase Nrms
N Measurement

(e |

 ph_

Low pass
s ' Butterwth
ysVoll brder=2

Figure 3:45: The Chebyshev and Butterworth filters used in measurement of System frequency
and System voltage respectively, in the control system of the simulation model.

In-order to get the rate of change of frequency, it is possible to use the model ‘derivative with a
time constant’ in PSCAD which is shown in Figure 3.3.1 . As per the PSCAD help itself says
[37], ‘“This block is fraught with danger because of its tendency to amplify noise. To minimize
noise interference, particularly when the derivative time constant is large and the calculation step

is small, it may be necessary to add a noise filter.” Further, the model time interval At can’t be
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varied considering the situation to which we apply. This considers the value of the ‘solution time
step’ which is the time step taken in PSCAD runtime to work out the whole simulation [30]. For

the simulation of the power system of Sri Lanka, this ‘solution time step’ has been taken as 100

us.

x(t) — x(t — At)
sT [—— - At
a. b.

Figure 3:46: Derivative function in PSCAD; a. block diagram of the DERIV function, b. the
output as a function of the input

x(1) »(1) y(t) =

There for to find the rate of change of frequency (df/dt), the model shown in Figure 3.3.1 has
been used. The output function given in Figure 3.3.1, b, has been clearly demonstrated there
[48]. In this model,
delay time, T =0.01s
Number of samples in delay T =1
Time step of derivative, At =0.01s

|

x(t-At)

Figure 3:47: PSCAD model used to calculate the df/dt of the power system

With the available power generation, the power system can withstand a sudden generation deficit

of 20 MW. At that instant the rate of change of frequency is = -0.03 Hz/s. The relay settings for
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load shedding should be done only if the output signal y(t)< -0.03 Hz/s. A delay time that
corresponds to relay operating time, circuit breaker operating time and an intentionally set delay
time, should also be considered in sending a signal for the relay to operate. The PSCAD model
‘sample and hold’ is used to send the correct signal to the relay to get operated. This corresponds
to different stages of the load shedding scheme. Figure 3.3.1 shows the control circuit of this

operation.

Figure 3.3.1 demonstrates how the system responds to a sudden generation deficit of 23.18 MW
(by tripping generator Wimalasurendra). The steady state frequency and voltage it achieves are
49.5 Hz and 211.81 kV respectively. With this disturbance it achieves a frequency degradation
rate of -0.038 Hz/s. Victoria2 which has been set as the isochronous governor reaches to its

maximum output with this situation.

Start
Low pass A
hebyshe [ng
Order = 2 A
B\JCompar-
003 > stor —
e |
S/H —
in out S2
Start hold
o]
(_10 < _o0 /U
ime f Ctrl = 1
F
Off \

Figure 3:48: The control circuit which detects the behavior of the system frequency and sends a
signal for the corresponding circuit breakers to get operated, if the relay settings are satisfied.
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Figure 3:49: System responses to a sudden generation deficit of 23.18 MW (by tripping
generator Wimalasurendra); a. Steady state frequency achieved = 49.5 Hz; b. Steady state
voltage achieved = 211.81 kV; c. generation output of Victoria2 which has been set as the
generator with isochronous governor; d. rate of change of frequency in response to the
disturbance — the minimum rate achieved = -0.038 Hz/s.

3.3.2. U_Frequency control system module

The same frequency measuring control techniques have been employed as discussed in

section 3.3.1. The purpose of the control system module is to trip off the thermal

generators at 47 Hz after sensing the system frequency. Since the operation of thermal

power plants are entirely not good for its performance and their operation, this action is

taken place.

3.3.3. Add_Ld control system module

This control system module is to see the power system behavior during a sudden load

addition (eg. 5.75 % of the total demand). The control logic has been done using

sequencer components as shown in Figure 3.3.3.
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Figure 3:50: A sudden load addition at the required instant, which was implemented using
sequencer element; a. series of sequencer elements used for the operation, b. a resistive load was
connected to the system through the breaker ‘BrkAdLd’

3.4. Veriftying the simulation model performance

3.4.1. Steady state operation

As reported in previous sections of this chapter, the power system simulation model was
designed with PSCAD/EMTDC software. So it is very important to see its performance during
normal and abnormal conditions of the power system. The load flow on the 13™ March, 2013
during daytime peak demand has been simulated in the simulation model. It is very important to
see how well it performs compared to the actual power system components in operation at the
same instant. Corresponding actual generator outputs and simulation model’s generator outputs
of the load flow on the 13" March, 2013 during day time peak demand are tabulated in Table
3.21.
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Table 3.21: Actual generator outputs and simulation model’s generator outputs corresponding to
the load flow on the 13th March, 2013 during day time peak demand.

Actual generator outputs Simulation model’s generator
Generators committed outputs
to the system Active power | Reactive power | Active power Reactive power
(MW) (MVAR) (MW) (MVAR)
Barge 60.5 35 59.7 27.62
KCCPgas 99 77 89.35 58.97
KCCPsteam 54 29.5 49.74 28.71
Sapugaskanda — 1 25.5 8 17.69 16.45
Sapugaskanda — 2 18 8 17.69 16.79
Sapugaskanda — 3 12.5 12 35.37 29.68
Kerawalapitiya — 1 90 50 82.23 10.68
Kerawalapitiya — 2 90 50 82.43 43.54
K erawalapitiya — 3 90 50 78.41 31.93
KHD (Asia power) — 1| 17:3 2 16.95 26.12
KHD (Asia power) —2| 175 2 16.95 26.12
Puttalam Coal 247 110.8 248.7 64.99
Upper kotmale 60 19.6 69.16 50.71
Heledanavi — 1 40.15 5.9 47.58 3.4
Heledanavi — 2 40.15 59 47.58 3.4
Kotmale — 3 67 45 69.71 63.1
Polpitiya — 1 323 17 28.03 21.89
Polpitiya — 2 32 17 27.76 21.91
Canyon — 1 0
Canyon — 2 0
Kukule — 1 26 8.61 28.16 23.55
Kukule — 2 26 8.61 28.16 23.55
New Laxapana — 1 18.34 -0.421 19.6 16.86
New Laxapana — 2 30 -0.278 19.6 16.86
Victoria — 1 35 25.67 38.51 43.14
Victoria — 2 50 26.65 56.22 41.27
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Victoria — 3 35 25.67 38.5 43.14
Ukuwela 20 10 20.71 12.44
Randenigala 48 20 44.49 32.64
Wimalasurendra 25 0 23.48 10.64
Laxapana — 1 28.5 -3 24.92 15.39
Laxapana — 2 22.5 -2 15.63 16.65
Samanalawewa — 1 40 0.17 37.43 9
Samanalawewa — 2 40 0.17 37.43 9
Bowatenna 11 9.23 8.78 5.36
Rantembe — 1 15 1.74 24.1 14.6
Embilipitiya 44.3 30 38.48 24.38
TOTAL 1607.4 705.52 1589.23 904.48

The voltage, frequency and some of the generator outputs are shown in the Figure 3.4.1 under

steady state operation. The program was run for 100 s. the lines of the power generation outputs

corresponds to Coal power lant (248.8 MW), Kerawlapitiyal (82.25 MW), Kerawalapitiya3
(78.43 MW), Victorial & 3 (38.55 MW), Victoria2 (55.67 MW), Puttalaml (47.58 MW),
NewLaxapanal (19.47 MW) and NewLaxapna2 (19.6 MW).
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Figure 3:51: Power system performance during steady state; a. power system frequency, b.
power system (transmission) voltage, c. some of the generator power outputs

3.4.2. Generator tripping/ Sudden generation deficit situation

It is necessary to see whether the simulation model responds to some emergency situation same
as the power system faces that. If the actual results are very much closer to the simulation
model’s results, then it can be suggested that the model developed could be used to see the power
system behavior under different scenarios. Norochcholei Coal Power plant tripping, which
occurred at a time closer to the considered system loading (day peak time on 13" May, 2013)

that lead for a total black out was simulated and observed the system performance.

The received data corresponds to an actual power system performance where the coal plant
tripping occurs at a load flow of 1434 MW. Even though the coal power plant generates 300
MW, for its auxiliary services it consumes 25 MW. Therefore the balance 275 MW would be
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consumed by the system. This amounts 19.18% of the total demand. The already simulated

model has a demand of 1637 MW. Therefor it has a difference of 203 MW (=12.4% demand

reduction) from the already modeled simulation program. If we try to simulate the same

phenomena (i.e. coal power plant tripping) with this model the results we receive may be very

much different to actual values. Therefor a simulation model with a load flow which has a

demand of approximately 1437 MW is considered to compare the actual and simulation model

results. To get the 1437 MW load flow, several power plants and loads were removed from the

original simulation. The removed generators and loads with their capacities are given in Table

3.22. Further, the coal power plant generates 250 MW with this load flow. It amounts 17.4%

from the total demand.

Table 3.22: Removed generator outputs and loads from the PSCAD simulation model designed

Generators Power delivered at the instant Loads Power drawn at the instant of
removed of the removal from the system | removed | the removal from the system

Victoria 1 37.35 MW 34.37 MVA Biyagama | 70 MW 30 MVA
Vicroria 2 54.71 MW 32.64 MVA Kotugoda | 71.2 MW 25.4 MVA
Kerawalapitiyal | 80.35 MW 2.6 MVA Pannala 33.8 MW 21.8 MVA
KHD 1 16.66 MW 12.49 MVA Aniyakanda | 30 MW 18 MVA
KHD 2 16.66 MW 12.49 MVA

TOTAL 205.73 MW | 94.59 MVA 205 MW 95.2 MVA

With the above amendment, frequency, voltage and other selected generator outputs are shown

in Figure 3.4.2, under steady state condition.
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Figure 3:52: After removal of some selected generator sets and loads (given in Table
3.22) from the simulated load flow, a. system frequency; b. system voltage; c. power
outputs of some generators

Figure 3.4.23 a. shows the frequency profile when implement the load flow on 13™ March, 2013
during peak load demand, with the amendments given in Table 3.22, while b. shows the actual
frequency profile during the generator tripping causing a generation deficit of 275 MW for the
system. According to this comparison the simulation model reaches a minimum frequency of

47.87 Hz (a.) where the actual system reaches a minimum frequency of 47.967 Hz (b.).
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Figure 3:53: frequency profiles during a tripping of coal power plant; a. with the simulation
model (with some load and generation removal), b. using actual system frequency variation data.

So with the results shown in Figure 3.4.23, it can be considered that the simulation model can

give results much closer to the actual power system performances.
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4. DESIGNING THE LOAD SHEDDING SCHEME

4.1. Identification of Parameters

Power System of Sri Lanka has a daily maximum power demand of around 2100 MW. This
always takes place as the night peak of the load curve of the country. Out of the total
electricity generation, about 65% is based on thermal and the majority of the balance is
from hydro power plants. About 200 MW of the total generation is received from
embedded generation which comprises with hydro and wind power [49]. 900 MW
‘Lakwijaya’ power station has the highest generation capacity in Sri Lanka [50]. It
comprises with three 300 MW generators that operate on coal and possess around 25% of
the total installed capacity of Sri Lanka. Therefore it performs a very important role in
economic aspects, since its unit cost of generation is much less compared to that of other
thermal power plants. Hence if a failure occurs and if it happened to isolate it from the
national grid, there will be a considerable impact on the power system stability that may
lead to a brown out or a black-out situation [51]. On the other hand, with the increased
penetration of intermittent renewable energy, power systems encounter a high possibility of
uncertainty and variability causing generation and load imbalances. Thus, a well-designed
Under Frequency Load Shedding Scheme is critical to safe-guard the system during

extreme situations to avoid complete system black-outs while maintaining its stability.

4.1.1. Power System regulations and Practice of Sri Lanka

According to the power system regulations and practice of Sri Lanka [52], it has been
identified that:

. Voltages at the live bus-bars of CEB network:
220 £ 5% kV
132 +£10% kV

. System frequency:

Normal operating range :50+1% Hz
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J According to the current practice of CEB,
Normal operating range :50+4% Hz
Short term variations : -6% to +5% up to 3s.

Table 4.1 gives the Load Shedding Scheme that is being implemented in Sri Lanka (as in 2015).

Table 4.1: Present Ceylon Electricity Board (CEB) Load Shedding Scheme

Frequency state | Time delay and magnitude of LS
f>48.75 Hz | No load shed
Step 1: 6.5% of load
f<48.75 Hz 100 ms time delay
Step 2: 6.5% of load
f<48.5 Hz 500 ms time delay
Step 3: 12% of load
f<48.25 Hz 500 ms time delay
Step 4: 9%+3.5%* =12.5% of load
f<48 Hz 500 ms time delay
. 70 0/ % —7 50
F<475Hy Step 5: 3%+4.5%* =7.5% of load
Instantaneous
f<49.0 Hz & | 13%+3.5%*+4.5%*=21% of load,
-0.85<df/dt 100 ms time delay

From Step 1 to Step 5, the Load shedding action is sensitive to the system frequency only. Once
the relay senses the frequency, if it meets the requirements given, after 100 ms (as an example
lets refer to Step 1), it sends a signal to the circuit breaker to get operated. The actual time delay
of this process is much more than the time delay it states here. When consider the last logic state:

£<49.0 Hz & -0.85 < df/dt, it is more adaptive to the system states.

4.1.2. Identifying Settling Frequency

Rotating machineries are designed for their optimum performance at a specific frequency
— here this research considers that as 50 Hz operation. For the safe and effective operation
of generators, frequency should not go below few percent of the rated frequency.

Continuous operation of steam turbines should be restricted to frequencies above 0.99
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4.1.3.

p.u., (for 50 Hz base it is 49.5 Hz). Operation below 49.5 Hz should be limited to very
short durations. Hence it is very important to co-ordinate the settling frequency of the PS

and the relay tripping frequency in use to control generator shut-down [3], [31], [35].

In order to improve the quality of power, it has been considered that the power system of
Sri Lanka should have a rated frequency of 50 Hz with below tolerances under the given
conditions. The normal operating range has been considered as the settling frequency
range during steady state operation, after a disturbance.

. System Frequency - Normal operating range  : 50 Hz 1%

o System Frequency - During an emergency/transient : 50 Hz +4%

Short term variations :-6% to +5% up to 3 s.

Deciding the number of steps in the Load Shedding Scheme

It is very important to decide a correct number of Load Shedding steps as it may cause

over shedding for a small disturbance or less severe over-load. As a solution it can be

considered to increase the number of steps and divide the load among them. Proper co-

ordination among steps is equally important.

J Currently Power System of Sri Lanka comprises 6 no. of stages in its Load
Shedding Scheme.

. In [31] and [53] it has been mentioned that ‘3 - 5 steps’ is the most adequate
selection based on experience.

. In [28] a comparison of several Under Frequency Load Shedding Schemes has been
carried out which were with different number of stages (e.g. 6, 8 and more than 8

number of stages).

Therefore for this proposed Load Shedding Scheme, it has been considered the step size
as six.
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4.1.4. First step of Load Shedding Scheme

With reference to the present load shedding scheme of Sri Lanka, it initiates its load shedding
action at a frequency of 48.74 Hz. This is a value that is far below the system normal operating
range. Many utilities that operate with a rated frequency of 60 Hz set the first step of load
shedding at 59.5 Hz [53]. That is,

The 1% occurs at 59.5/60 =0.99 p.u.
With 50 Hz base frequency,
The first step =0.99x50 =49.5 Hz

But, Power System of Sri Lanka’s normal operating frequency (f) range is, 50.5 >f> 49.5 Hz.
Hence, 49.4 Hz is a better option for the first step of the load shedding scheme. Further, initial
under-frequency load shedding relay settings are typically 59.3 Hz in the United State systems

[54]. For such situations,

The 1st occurs at 59.3/60 =0.988 p.u.

With 50 Hz base frequency,
The first step =0.988x50 =49.4 Hz

In [53] it has been justified for a power system operating at 60 Hz can have a load shedding
scheme with first step as 59.5 Hz. The same arguments referring to a system frequency of 50 Hz
can be considered as below.
e  All of the larger turbine generators on the system are not rated for continuous
generation below 0.99 p.u. (for 60 Hz it is 59.5 Hz) depending on the manufacturer.
Thus setting the initial load shedding frequency at a relatively high value, such as
49.4 Hz (for 50 Hz power system), also tends to limit the maximum frequency
deviation.
e A load shedding program starting at 49.4 Hz can be more effective in minimizing
the depth of the under frequency response for a heavy over load, than would a

similar program which has a lower 1% shedding frequency.

125



e  Hence for a 50 Hz power system, it has been argued and decided to consider the
first step of the under frequency load shedding scheme as 49.4 Hz, (instead of
considering 48.75 Hz).

4.1.5. Identifying when to implement Load shedding based on rate of change of frequency
(ROCOF)

According to the present CEB scheme:

If, ROCOF <-0.85 Hz/s and
System Frequency = 49 Hz, a 20% of the load is to be shed.

But, practical as well as simulation results show that the maximum ROCOF occurs at an
instant after about 1.4 - 1.6 s from the moment of generation deficiency occurs. If we
assume that the disturbance occurs at a system frequency of 49.5 Hz and this disturbance
tends to cause a ROCOF = -0.85 Hz/s, simulation results show that the time consumed to
achieve a frequency of 49 Hz is much less than 1.4 s. So the response corresponding to
the conditions “f <49.0 Hz & -0.85 < df/dt” of the CEB scheme occurs with much delay.
Since this may lead to initiate initial stages of the current CEB LSS, there is a high
chance of shedding an excessive amount of load. Figure 4.1.5 a. shows time taken to
reach the maximum df/dt referring to a coal power plant tripping discussed in section
3.4.2, with actual data. The plot in black is the df/dt with actual data while the smooth
line in blue is the trend line. The minimum df/dt value achieved is — 0.75 Hz/s. The same
scenario simulated in the PSCAD simulation model takes approximately 1.6 s to reach

the minimum df/dt. This is shown in Figure 4.1.5 b.

126



04— = ——— T T == T === =
N\ S S T S ) RS0 0001 (T S
021\ | | | | R ey
| | | | | l|"JV | | | \‘
’\U? | | | | ’ (1 | | | | I
E Y el Vel o oo 1 AR - oo oo oo bl
; | | | " | | : : : :
2 02 | | | " | | | | | \
> 02F--%----- - - —— - an et — - 4----- +--- - e - - —
o )
g : | | ,b,m | | | | | |
5 | | | l‘i ‘ | | | | | |
9-0.4 I ( i bl ‘l' (- 1-———-- T - - T - | r----- - —
I e
8 | m‘ | H ‘w | | : : : : :
© 06 - “i K " L T T T N P R
2 N ” : o I |
ll”i:«m‘l SIS N AN U S B N
| ‘ ”' | | | | | | | I
| ) | | | | | I
- | ' ' ' ' I
1L 73 777777 | sele 37 o 79'4775):'%/754‘ 77777 —— Actual Data Trend Line |
| | | | | | | | | |
0 1 2 4 5 6 7 8 9
Time (s)
a.
LS Logic1 : Graphs
60 St
0.40-
0.20-
0.00-
>
-0_20-
-0_40-
-0_60-
(226.7 s, -0.547 Hz/s)
-0_80-
240 250 2260 270 280 2200 2300 231.0 2320
b.

Figure 4:1: Time taken to reach the minimum df/dt due to a coal power plant tripping; a.
Actual power system performance (275 MW generator tripping); b. simulation model
results (250 MW generator tripping occurs at 225 s.)
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4.1.6. Delay time

The delay time (DT) may vary from one load shedding scheme to another. But according
to [31], the total amount of time necessary to clear the load can be considered as,
TD =Ror + Titentional + Bor ~ =-=-=-------- (4.1)
Where,
TD = total clearing time
Ror =relay operating time
Tntentional = intentional time delay (as a safety margin)

Bor = circuit breaker operating time

Power System of Sri Lanka uses a Tiyentional 0f 0.1 s for its 1% step and 0.5 s for 2™ to 4™ steps.
The condition “f < 49.0 Hz & -0.85 <df/dt”, which is adaptive, operates with a Tiyentionar OF 0.1 s.

Its 5™ step gets initiated with Tnentional = O S.

J Chin-Chyr Huang et al/ suggests a TD of 0.1 s for the under frequency load
shedding simulation, but states it is not necessary to have the same time interval for
each step [53].

o Quamrul Ahsan et al used a time delay of 7.5 cycles =0.15 s (with a 50 Hz system)
to implement 2" and 3™ steps in their under frequency load shedding simulation

program [8].

Further, referring to equation (4.1) and considering the following approximated values,
TD = Ror * Thtentional T Bot
=0.2s
Where,
Rot = 60 ms, Bor = 83ms [35], [55] and Titentional = 60 ms (three nos. cycles). Hence, for these

proposed load shedding scheme simulations, a TD of 0.2 s was considered.

Since it is evident that Relays and circuit breakers take few milliseconds to get operated during a

faulty situation, that time should also be included in the simulation program of the Present CEB
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load shedding scheme. The flow chart shown in Figure 4.1.6 demonstrates the actual load
shedding scheme considering the time factor (Ror + Bor = 140 ms) involved in each load
shedding stage. Table 4.2 shows the calculation of actual delay time involved in each load

shedding action.
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Figure 4:2: Flow chart of the CEB load shedding scheme considering time delays for relay and
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circuit breaker operation (Rto + Bor = 140 ms) involved in each load shedding stage.

Table 4.2: Time delays corresponding to each load shedding action in the simulated present CEB
load shedding scheme.

Frequency state Actual Delqy T'ime considering 'the
relay and circuit breaker operation

f>|48.75 Hz No load shed
f<|48.75 Hz Step 1: 100 ms + 140 ms =0.24 s
f<|48.5Hz Step 2: 500 ms + 140 ms = 0.64 s
f<|48.25Hz Step 3: 500 ms + 140 ms = 0.64 s
f<|48 Hz Step 4: 500 ms + 140 ms = 0.64 s
f<|47.5Hz Step 5: 140 ms =0.14 s
f<|49.0 Hz &-0.85>df/dt | 100 ms + 140 ms = 0.24 s

4.1.7. Ahsans’ scheme as a pilot model [56]

Bangladesh is a country located in the south Asian region as Sri Lanka. It is a small PS operates
with 50 Hz, having an installed capacity of around 5200 MW, and an annual peak demand of
around 4300 MW. As developing countries in the same region, both these countries may
experience equal types of power system instability situations which lead for catastrophic events.
Therefore it was decided to see the stability performance of the PS of Sri Lanka when the very
same LS scheme, which is demonstrated in the Figure 4.1.7 and Table 4.3, is applied. Hence it

was carefully studied in order to simulate in the PS model of Sri Lanka.

Table 4.3: Ahsans’ LS Scheme

Types of LS | Frequ. state Time delay and magnitude of LS

Traditional £>49.1 Hz No load shed
f<49.1 Hz & | Step 1: 15% of load
Idf/dtl<0.2
f<49.0 Hz & | Step 2: 15% of load
Idf/dtl<0.2 (after a delay of 7.5 cycles)
<489 Hz & | Step 3: 15% of load
Idf/dtl<0.2 (after a delay of 7.5 cycles)

Semi f<49.5 Hz & | Step4: 50% of load
adaptive | 0.2<Idf/dt/<0.6 | -after a delay of 20 cycles if f<49.1 Hz, implement traditional LS scheme.
-Next, after a delay of 20 cycles if f<49.5 Hz, implement grid
disintegration scheme.

Adaptive f<49.5 Hz & | Implement grid disintegration scheme
0.6<Idf/dtl
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Figure 4:3: Flow chart illustrating different steps of the technique introduced by Ahsan et al.




According to Ahsan et al, their aim is to bring the system frequency up to 49.1 Hz with the under
frequency load shedding scheme (with reference to the Bangladesh power system). This was
decided on the capability of the power system to sustain without violating its stability conditions
during a generation deficiency maximum of 7%. From there on wards, with the spin reserve
available the system could be brought back to normal operating condition. The rate of change of
frequency at the instant of 7% generation deficiency was 0.2 Hz/s. Hence f7; = 49.1 Hz and m( =

0.2 Hz/s.

To implement the Ahsans’ load shedding scheme in Sri Lanka power system, four islands were
identified in the national grid (details in sub-section 4.3.2). These islands have their own power
generation, but it may not sufficient to meet the total demand. Therefor under normal operating
conditions (operating as a part of the national grid —; i.e. islanding operation is not implemented)
these areas have the chance of receiving power from the national grid. This can be demonstrated

as in Figure 4.1.7.

KIRIBATHKUMBURA

NATIONAL- GRID

RANTEMBE

SAMANALAWEWA

Figure 4:4: Power system of Sri Lanka has been considered as a group of small islands and the
national grid. Arrows indicate the possible directions of power flow — either from national grid to
an island or vice versa.
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The same load shedding scheme (Ahsans’) has been applied to power system of Sri Lanka,
referring to section 4.1. The values fryy and my were considered as fry = 49.4 Hz, and my= - 0.03
Hz/s. When implement a sudden generation outage of 15% of the demand, how the frequency
varies with time was observed. The simulation results showed that the time taken to change the
frequency from 49.4 to 49.3 Hz is much less than 0.14 s, which is the approximate time taken for
operation of a relay & a circuit breaker (please refer to section 4.1). Further it takes time for the
power system to give some response to this circuit breaker operation. That is since it requires a
minimum time which is equivalent to the relay & circuit breaker operating time, to take some
decision on the prevailing frequency state, frequency gap between step 1 and step 2 (i.e. 49.4 —
49.3 = 0.1 Hz) is not sufficient (please refer to Figure 4.1.7 to see the time line diagram).
Therefore the relay settings corresponding to Sri Lanka power system are much different to that

of Bangladesh power system.

D N
I4(Overlapplng time

49.4 Hz 0.14s rL! Delay time
11
0.13 0.14
49.3 Hz > ! > P
/ 11 \
Time taken to reach from 49.4 Hz to 49.3 Hz Relay & cct breaker operating time

Figure 4:5: Time line diagram that demonstrates the relay and circuit breaker operating times
which get overlapped.

Let’s consider a situation where a generation deficit of 243.08 MW (by a forced outage of
Kerawalapitiya 1, 2, & 3 generators with generations of 82.23, 82.43, 78.42 MW respectively.)

According to the time line diagram, at 49.4 Hz relay and circuit breaker activation (R&BI)
occur. They take 0.14 s to finish its operation. That means the power system initiates responding
to this circuit breaker operation after 0.14 s duration. But before finishing the operation of
R&BI, the relay and circuit breaker activation corresponding to 49.3 Hz get started. According
to the simulation, time taken for the power system to reach from 49.4 Hz to 49.3 Hz is 0.13 s.
hence, there is an overlapping time of 0.01 s. therefore this may cause excessive load shedding.

In turn the power system may become unstable due to over frequency situations. Therefore the
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suggested relay settings (49.4 Hz, 49.3 Hz etc.) corresponding to stage 1, 2, etc. may not address
the under frequency situations successfully.

Figure 4.1.7 demonstrates the system frequency variation during a forced generation tripping of
243.08 MW (14.85 % < 15 %) in the simulation model. To address this generation deficit, two

stages of the load shedding scheme got implemented.
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Figure 4:6: a. system frequency variation during a forced generation tripping of 243.08 MW
(14.85 %), b. time taken to change the frequency from 49.4 Hz to 49.3 Hz has been observed as
0.13s.
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As there are draw backs with the Ahsans’ model when implement for the power system of Sri
Lanka, it is very important to design a load shedding scheme considering different factors that

are specific to Sri Lankan power system.

4.1.8. Proposed Methodology

4.1.8.1. Load Shedding Scheme — I (Based on prevailing facilities available with the CEB)

54% of the prevailing load is involved in the load shedding scheme. It is comprised with 6 nos.
of shedding stages that get operated based on system frequency and rate of change of frequency
of the power system. Figure 4.1.8.1 demonstrates a flow chart of the proposed load shedding
scheme—1. Table 4.4 briefs the suggested load shedding scheme—1. Since the system frequency
goes beyond or below the rated conditions given in 4.1.1, a power system instability situation
may be possible, the system frequency and its 1% derivative are measured all throughout for load

shedding actions to take place.

When actual system frequency variation against time as well as simulation results are analyzed,
it 1s evident that usually, the power system reaches its df/dt a maximum after about 1.4 — 1.6 s
from the instant of the occurrence of the disturbance (Figure 4.1.8.1). To initiate the load
shedding scheme, the system frequency should be dropped to a frequency of 49.4 Hz. From 1 - 2
and 3 - 4 load shedding stages, 6% and 8% of the prevailing load is shed respectively, based on
the system frequency. At the 5t stage, the load shedding scheme is more adaptive to the system
behavior as it gets implemented based on the rate of change of frequency of the power system, in
which a 10% load is scheduled to be shed at -0.675 Hz/s. The 6 stage is once again based on a
combination of system frequency as well as ROCOF with a load size of 10%. The 6" or the last
stage gets implemented when the power system satisfies both the conditions df/dt < -0.95 Hz/s &
system frequency (SF) = 48.6 Hz. This amounts to 21% of the total load. With the
implementation of the 6th stage, a 59% of the total prevailing load is scheduled to be shed. It is
possible to decide which loads are to be shed, considering such factors as their importance to
communities (e.g. hospitals), contribution to national economy (e.g. industrial zones) etc. It is

very important to limit the system frequency reducing below 0.95 p.u.. (For power systems with
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rated frequencies 60 Hz and 50 Hz, the corresponding minimum safe frequencies are 57 Hz and
47.5 Hz respectively). It may lead the power system unstable further due to tripping of steam
turbine and gas turbine power plants [3]. This can badly affect the performance of induction
motors in operation, which in turn gives negative effects on the national economy as well. For a
power system mainly based on thermal-plants, it may cause a system brown-out or even a black-

out.
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Figure 4:7: Flow chart demonstrating the Load Shedding Scheme — 1, that is comprised with 6
nos. of stages.
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Table 4.4: Proposed Load shedding scheme — I with Time delays corresponding to each load
shedding action.

Actual Delay Time considering the relay and circuit
Frequency state .
breaker operation
f>|49.4 Hz No load shed
f< | 49.4 Hz & dfidt = -0.03 Hz/s | Step 1: 0+ 140 ms = 0.14 5 | Limentional *TB0* TR0 =
0+ 80+ 60 ms

f<|49.2 Hz & df/dt =-0.03 Hz/s =60 + 80 + 60 ms
f<|49.0 Hz & df/dt =-0.03 Hz/s | Step 3: 60+ 140 ms =0.2s | =60 + 80 + 60 ms
f<|48.8 Hz & df/dt =-0.03 Hz/s | Step 4: 60 + 140 ms=0.2s | =60 + 80 + 60 ms
f<| df/dt <-0.675 Hz/s Step 5: 60 + 140 ms = 0.2 s | = 60 + 80 + 60 ms
f<|48.6 Hz & df/dt <-0.95 Hz/s | Step 6: 0 + 140 ms =0.14s | =0 + 80 + 60 ms

By doing a forced outage of some selected power plants, addition of that has a generation

capacity equivalent to 829.6 MW (= 3 x 275 MW = 3 x coal power generation), the system

performance with the Load Shedding Scheme - I was observed. Table 4.5 presents generators
involved in the forced outage and the corresponding generation capacities of those power plants
at that instant. The system was able to maintain its stability whose details are presented in
Section 5.1. This was achieved by paying equal attention to both active and reactive power

balance.

Table 4.5: Generators took part in the forced outage with their corresponding generation
capacities (total capacity outage = 829.6 MW).

Generator Capacity (MW)
Barge 59.69
KCCPgas 89.12
KCCPsteam 49.65
Puttalam 1 47.37
Coal 248.75
Kukulel 28.1
Kukule2 28.1
Kerawalapitiyal 81.82
Kerawalapitiya2 81.82
Kerawalapitiya3 77.93
Embilipitiya 37.24

137



4.1.8.2. Load Shedding Scheme — II (Based on Disintegration of the Power System)

It has been considered a load of 40% of the total demand of the power system as ‘the
uninterrupted power supply load (critical load segment)’. The Load Shedding Scheme is
comprised with 2 nos. of stages, named Phase—I and Phase—II. During Phase-I, approximately
30% of the prevailing load is shed to maintain the stability. Disintegration of the power system is
occurred under the Phase—II. If the power system cannot be brought to a stable operating
condition with Phase—I of the Load Shedding Scheme, then the islanding operation is done. The
Phase—I gets initiated if the system frequency reaches 48.6 Hz. It can be proved that if load
shedding stages get implemented above 48.6 Hz and if the amount of load shed is sufficient to
make the system stable, then the system frequency can be maintained above 47 Hz (closer to
47.5 Hz), which is the safe operating frequency for steam power plants. As the disintegration of
the power system is done at 48.6 Hz, the National Grid’s as well as the islands’ stable operation

1s much assured.

Table 4.6: Phase—I of Proposed LSS—II with Time delays corresponding to each LS action.

Actual Delay Time considering the relay and circuit

F .
requency state breaker operation

f>1|49.4 Hz No load shed
_ . _ Tintentional +TBO+TRO =
f<|49.4 Hz & df/dt=-0.03 Hz/s | Step 1: 0 + 140 ms =0.14 s 0+ 80 + 60 ms

f<1]49.2 Hz & df/dt =-0.03 Hz/s | Step 2: 60 + 140 ms =0.2 s | = 60 + 80 + 60 ms
f<|49.0 Hz & df/dt=-0.03 Hz/s | Step 3: 60+ 140 ms =0.2s | =60 + 80 + 60 ms
f<|48.8 Hz & df/dt=-0.03 Hz/s | Step4: 60+ 140 ms =0.2s | =60 + 80 + 60 ms

To initiate the Load Shedding Scheme, the system frequency should be dropped to 49.4 Hz.
Table 4.6 and Figure 4.1.8.2 demonstrates the Phase — I of the Load Shedding Scheme — II: from
1, 2, 3 and 4 Load Shedding stages, 6%, 6%, 8% and 10% of the prevailing load is shed
respectively, based on the system frequency degradation. This is approximately comprised of
30% of the total (prevailing) system load. The 5™ stage is for the disintegration of the power
system. Four possible locations in the power system of Sri Lanka were identified as load centres

that can be operated as islands.
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Figure 4:8: Flow chart of the Phase-I of Load Shedding Scheme - II which initiates Islanding at
system frequency = 48.6 Hz.

Boundaries of those locations suitable for Islanding are:
e Island Matugama: (the load fed from Pannipitiya grid — Loads connected to Panadura,

Horana, Matugama and Ambalangoda Bus-bars)

e Island Embilipitiya: (the load fed from Balangoda grid — Loads connected to Ratnapura,
Embilipitiya, Hambantota, Deniyaya, Galle, Beliatta and Matara Bus-bars)

e Island Rantembe: (the load fed from Rantembe grid — Loads connected to Nuwara Eliya,

Badulla, Inginiyagala and Ampara Bus-bars)
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e Island Kiribathkumbura: (the load fed from Anuradhapura & New-Anuradhepura grids —
Loads connected to Vavuniya, Kilinochchi, Trincomalee, Habarana, Valaichchenai,

Ukuwela, Bowatenna and Kiribathkumbura Bus-bars)

By doing a forced outage of selected power plants, addition of them has a generation capacity
equivalent to 495.14 MW, the system performance was observed. Phase — II of the load shedding
scheme — II (Islanding operation) got implemented. Table 4.7 presents generators involved in the

forced outage and the corresponding generation capacities of those power plants at that instant.

Table 4.7: Generators took part in the forced outage with their corresponding generation
capacities (total capacity outage = 495.14 MW).

Generator Capacity
Barge 59.69 MW
KCCPgas 89.36 MW
KCCPsteam 49.74 MW
Puttalam 1 47.58 MW
Coal 248.77 MW
total 495.14 MW

The Load Shedding Scheme has been developed in such a way a 40% of the current demand in
the National Grid should be given priority in catering electricity, if it is required to disintegrate
the power system. So with regard to the load-flow concerned,

Power demand =1637 MW

40 % of the demand =654.8 MW

Under a situation where the prioritized load is 40% of the demand, a demand (or a load) of
660.82 MW, which is approximately equal to 654.8 MW, has been retained, and the rest (or the
balance) was tripped off.
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Special attention should be paid to make the active power generation and consumption balance in
the National Grid after the disintegration process (in a situation where 40% of the total electricity

demand is catered).

Total generation of the national grid before the =1589.23 MW

disturbance

Forced outage (generation tripping to make =495.14 MW

islanding operation)

Generation in Islands =56.34+28.68+109.38+24.17
=218.57 MW

Effective Load connected to the national grid (i.e =654.8 MW

40% of the total demand)

Excess generation ={1589.23—(495.14+218.57)}-654.8
= (1589.23-713.71) — 654.8
=220.72 MW

If 220.72 MW generation is tripped expecting a 100% stable operation, the outcome will be a
rise in frequency beyond 52 Hz (exceeds 70 Hz). Increase of frequency indicates a generation

high environment. Generation was reduced according to the following equation.

Required generation to be tripped = G — (D)

Simulation results showed that when 0.925 > & > 0.903, system becomes stable.

Islanding with @ = 0.925:

Out of the generators in the national grid, KHD2, Kerawalapitiyal, Kerawalapitiya2 and
Kerawalapitiya3 were tripped off to balance the generation and demand at that instant. The

generation capacities of corresponding generators are appeared in the Table 4.8.
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Required generation to be tripped =G — (D)
=867.27 — (0.925 x 654.53)
=261.83

Table 4.8: Generators which were tripped off to balance the power generation and demand of the
National Grid.

Generator Power Generation (MW) Purpose of Operation
KHD2 16.95 TRIP to balance demand & load
Kerawalapitiyal | 82.23 TRIP to balance demand & load
Kerawalapitiya2 | 82.43 TRIP to balance demand & load
Kerawalapitiya3 | 78.41 TRIP to balance demand & load
total 260.0

As discussed, a disturbance was imposed on the power system with a forced generator capacity
outage of 495.14 MW. This made the power system to disintegrate into several islands to make
its operations healthy and stable. At the instant of the disintegration of the power system, it is
very important to balance the reactive power consumption in the National Grid. This can be
achieved by:

e Tripping transmission lines (eg. KHD-Kelaniyal, KHD-Keleniya2 etc.), which do not

contribute to cater power to any load connected.
e Generators themselves through reactive power compensation.

e The use of SVC (if available)

The generators which were in continuous operation in the National Grid are appeared in Table

4.9, with their generations immediately before and after the disintegration of the power system.
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Table 4.9: Generators in continuous operation in the National Grid immediately before and after
the disintegration of the power system

Power Generation (MW)
Generator Immediately before Immediately after
disintegration of the PS disintegration of the PS

Sapugaskandal 17.69 17.7
Sapugaskanda?2 17.69 17.7
Sapugaskanda3 35.38 35.39
Upper-Kotmale 69.17 69.28
Kotmale 69.71 69.95
NewLaxapanal 19.61 19.61
NewLaxapana2 19.6 19.62
Laxapanal 24.92 24.96
Laxapana2 15.63 15.68
Polpitiyal 28.03 28.07
Polpitiya2 27.76 27.81
Victorial 38.51 38.61
Victoria2 55.85 67.04
Victoria3 38.52 38.62
Wimalasurendra 23.48 23.5
Randenigala 44.5 44.57
GenPuttalam?2 47.58 47.36
total 593.63 605.47

Table 4.10 shows the loads connected to each grid substation, which were involved in the Phase

— I of the Load Shedding scheme. During the operation of the Phase — I of the LS scheme, 30%

of the total load (or demand ~ 498.58 MW) of the power system was considered.
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Table 4.10: Loads connected to each grid substation, which were involved in the Phase — I of the
Load Shedding scheme.

Demand
Grid Substation Active power Reactive power
(MW) (MVAR)

Kiribathkumbura 51 21.1

Matara 30 13.6
Embilipitiya 14 4.3
Anuradhapura 14.3 4.6
Hambantota 14.2 6.7

Beliatta 8 1.9
Aturugiriya 24 16
Kolonnawa 60.6 41.1
Kosgama 39 25.1

Col-I 39 26.9

Col-A 49.3 34.5
Dehiwala 28.6 16.8
Ratmalana 49.5 41.3

J-Pura 16.5 7.8
Pannipitiya 52.58 353

total 490.58 297

Table 4.11 presents the 40% of the total demand that should be given priority in catering the load
without any interruption. This is the load that is considered as the load in the Nation Grid, at the

instant of the disintegration of the power system.
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Table 4.11: Loads connected to each substation in the National Grid, with a 40% of the total
demand.

Demand
Grid Substation
Active power (MW) | Reactive power (MVAR)
Thulhiriya 37 14.5
Oruwala 0.0 0.0
Seethawaka 15 10.5
Pannipitiya 10.42 7
Kelaniya 21.1 15
Col-E 46 36
Col-F 38 17.4
Kelanitissa 17 11.5
Sub-C 242 14.5
Sapugaskanda 63.3 45.3
Biyagama 70 30
Aniyakanda 30 18
Kotugoda 71.2 25.4
Veyangoda 32.2 22.8
Katunayake 41.4 19.8
Bolawatta 51 35.6
Pannala 33.8 21.8
Madampe 36.2 21.7
Puttalam (Heladanavi) | 22 3.7
Wimalasurendra 1.0 2.0
total 660.82 372.5

Further, the Stage, at which the ‘disintegration of the power system’ occurs, has been named as

‘Stage 7.

From the instant of disintegration of the power system in to several islands, each island starts its

operation /catering the load, as an independent small power system. To initiate its work, it is very
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important to balance the active and reactive power generation and demand within the island.
First, active power balance between generation and demand is done by shedding the excess
amount of demand, than the prevailing generation. This is implemented at the ‘Stage 7.
Simultaneously, the reactive power balance also should be done. A sample calculation has been

done for island Matugama:

With the stage?7,
=46.84 MVAR
=71.3-(24.3+28.17) = 18.83 MVAR

Reactive power available (from generators)
Reactive power in demand

QPanadura QHorana(a part)

~ Excess reactive power generated =46.84 —18.83 =28.01 MVAR

Generated—inductive  Load—inductive
=28.01 MVAR

~ To balance the reactive power Q, an additional capacitor with capacitive reactance (=28.01
MVAR) should be connected with the stage 7 (at the instant of disintegration of the power

system) as shown in Table 4.12.

Table 4.12: Inductive reactance required to be connected for reactive power compensation in
Island Matugama.

Island Matugama:

Grid Generation Demand
Active (MW) Reactive (MVAR) | Active (MW) | Reactive (MVAR)

Ambalangoda -- -- 19.8 11.2
Matugama -- -- 33.9 7.4
Horana -- -- 2.64 + 3736 1.87 + 2653
Panadura -- -- 476 243
Kukule 28.17x2=56.34 | 23.42x2=46.84 - --
Total 56.34 46.84 56.34 20.47

= for reactive power compensation, inductive reactance required = 46.84 —20.47 =26.37 MVAR
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In the same manner reactive power compensation can be done for all the other islands to ensure a

stable operation within each island. Practically this can be achieved through Static VAR

Compensation (by installing SVCs). From Table 4.13 to Table 4.15 presents the Inductive/

capacitive reactance required for reactive power compensation within the islands Rantembe,

Embilipitiya and Kiribathkumbura respectively.

Table 4.13: Inductive reactance required to be connected for reactive power compensation in

Island Rantembe.

Island Rantembe:

Grid Generation Demand

Active (MW) | Reactive (MVAR) | Active (MW) | Reactive (MVAR)

Rantembe 24.17 14.6 5.1 3.2
Badulla -- -- 18 7.6
Nuwara Eliya -- -- 1.07 + 4393 0.39 +586
Ampara -- -- 282 66
Total 24.17 14.6 24.17 11.19
=~ for reactive power compensation, inductive reactance required = 14.6 — 11.19 =3.41 MVAR

Table 4.14: Inductive reactance required to be connected for reactive power compensation in

Island Embilipitiya.
Island Embilipitiya:
Grid Generation Demand
Active (MW) Reactive (MVAR) | Active (MW) | Reactive (MVAR)

Balangoda -- -- 2.0 0.3

Ratnapura -- -- 0.2 6.1

Deniyaya -- -- 6.8 2.8

Galle -- -- 100.38+242 | 9.99+62+
Embilipitiya 37.05 24.36 +4-6 43
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Hambantota -- -- 142 67
Beliatta -- -- &0 1+9
Matara -- -- 366 136
Samanalawewa | 36.15+36.18=72.33 | 9+9 =18 -- --
Total 109.38 42.36 109.38 19.19

=~ for reactive power compensation, inductive reactance required = 42.36 — 19.19 =23.17 MVAR

Table 4.15: Inductive reactance required to be connected for reactive power compensation in
Island Kiribathkumbura.

Island Kiribathkumbura:

Grid Generation Demand

Active (MW) | Reactive (MVAR) | Active (MW) | Reactive (MVAR)

Kiribathkumbura -- -- 3+ 2+t
Ukuwela 20.25 12.42 26 139
Bowatenna 8.43 5.36 -- --
Habarana -- -- 29 43
Valachchena -- -- 11.7 6.5
Kurunegala -- -- 380 1604
Anuradhapura -- -- +43 46
N. Anuradhapura -- -- 200 40
Trincomalee -- -- 184 6:6
Vavunia -- -- 11.6 33
Kilinochchi -- -- 7:02+5.38 0-74+0.56
Total 28.68 17.78 28.68 10.36
=~ for reactive power compensation, inductive reactance required = 17.78 — 10.36 =7.42 MVAR

During disintegration of the power system, balance between demand and generation of active
and reactive power within each island is equally important. In order to maintain balance between

generation and demand, it is the practice to shed the required amount of load. By shedding these
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loads, certain transmission lines may be left energized but without catering any loads /load-
centres. This can lead for instability situations (brown-outs or black-outs) of the power system
due to capacitive reactance. So it is very important to isolate the transmission lines by tripping
them off from both ends, if they do not cater any loads /load-centres.

The Phase-II of the proposed load shedding scheme is implemented sequentially. This operation
is specific to each island. In general, the amount of load that involves in the Load Shedding
Scheme — II is 10% (24.7x10% = 2.47 MW) of the available generation. Out of this 10%, the
Load Shedding Scheme gets implemented with 25%, 25%, and 50% in stages 1, 2 and 3

respectively. The activation of the number of steps totally depends on the state of the island.

A sample calculation which corresponds to Active Power of the ‘Island Rantembe’ is present
below:
Total generation within the Island-Rantembe at the =24.17 MW
instant of disintegration of the power system
Power in demand at that instant = 66.3 MW
- the excess demand =42.13 MW
Amount of load involved in the load shedding scheme =24.17 MW x 10% =2.417 MW
~ amount of load to be shed instep2 =2.417 MW x 25% = 0.604 MW
~ amount of load to be shed instep3 =2.417 MW x 25% = 0.604 MW
~ amount of load to be shed instep4 =2.417 MW x 50% = 1.208 MW

Table 4.16 and Figure 4.9 demonstrate the sequential steps that correspond to ‘Island Rantembe’

which operates as an island in the Phase-II of the proposed load shedding scheme.
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Table 4.16: Phase—II of Proposed Load shedding scheme — II with Time delays corresponding to
Island Rantembe.

Frequency state Load to be shed Time Delay

Load equivalent to the 66.3 -24.17

£<48.6 Hz difference between generation | =42.13 MW Step 1: 200 ms
& demand (42.13 MW)
Shed a load of 25% from a (24.17 x 10%) x 25%

f<48.4 Hz 10 % of the generation at the =0.604 MW Step 2: 200 ms
instant of islanding
Shed a load of 25% from a (24.17 x 10%) x 25%

f<48.2 Hz 10 % of the generation at the =0.604 MW Step 3: 200 ms
instant of islanding
Shed a load of 50% from a (24.17 x 10%) x 50%

f<48.0 Hz 10 % of the generation at the =1.208 MW Step 4: 200 ms
instant of islanding
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Figure 4:9: Flow chart of the Phase-II of Load Shedding Scheme - II that corresponds to Island-
Rantembe. The implementation of the number of Load Shedding stages is sequential and specific
to this Island-Rantembe.
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Table 4.18 provides the excess demand and amounts of loads to be shed in shedding stages

corresponding to each island at the disintegration of the power system.

Table 4.17: The excess demand and amounts of loads to be shed in shedding stages in each

island during disintegration of the power system.

Island Frequency state Load to be shed Time Delay
£<48.6 Hz 42.13 MW (excess demand) | Step 1: 200 ms
f<48.4 Hz 0.604 MW Step 2: 200 ms

Island Rantembe
f<48.2 Hz 0.604 MW Step 3: 200 ms
f<48.0 Hz 1.208 MW Step 4: 200 ms
f<48.6 Hz 44.31 MW (excess demand) | Step 1: 200 ms
f<48.4 Hz 1.36 MW Step 2: 200 ms
Island Matugama
f<48.2 Hz 1.36 MW Step 3: 200 ms
f<48.0 Hz 2.71 MW Step 4: 200 ms
f<48.6 Hz 14.4 MW (excess demand) Step 1: 200 ms
f<48.4 Hz 2.74 MW Step 2: 200 ms
Island Embilipitiya
f<48.2 Hz 2.74 MW Step 3: 200 ms
f<48.0 Hz 5.47 MW Step 4: 200 ms
f<48.6 Hz 134 MW (excess demand) Step 1: 200 ms

Island f<48.4 Hz 0.72 MW Step 2: 200 ms

Kiribathkumbura f<48.2 Hz 0.72 MW Step 3: 200 ms
f<48.0 Hz 1.44 MW Step 4: 200 ms

After the controlled disintegration of the national grid, the frequency and voltage responses of all

four islands and the national grid were observed. They all were within specified limits.
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3. RESULTS AND DISCUSSION

The Load Shedding Schemes described in Table 4.2 (CEB Load Shedding Scheme) and Table
4.4, Table 4.5 & Table 4.6 (Proposed Load Shedding Schemes) were simulated in the Power
System of Sri Lanka. Different scenarios of generation deficits were considered to observe the

frequency and voltage responses of the schemes.

5.1. Discussion: Load Shedding Scheme — I with generation deficit of 829.6 MW

The highest generation capacity of a single generator in Sri Lanka is 300 MW. Out of this 25
MW is consumed by the power plant itself for its auxiliary services. So it can be considered the
capacity of such generator is 275 MW. Since Sri Lanka processes 03 nos. such generators, the
behavior of the power system during a generation deficit of 829.6 MW (which is equivalent to an
outage of all three coal power plants = 3 x 275 MW) was implemented in the simulation model.
Figure 5.1 shows the frequency profile of the power system with the implementation of the Load
Shedding Scheme — I. The frequency reaches a steady state condition of 50.39 Hz after the

disturbance.

System frequency (Hz)
3
o

0 50 100 150 200 250 200 250 400 450 500 550 €00 €50 700
Time (s)
Figure 5:1: Frequency profile with the implementation of the LSS-I in response to a generation

deficit of 829.6 MW. Steady state frequency = 50.39 Hz; maximum frequency achieved = 53.06
Hz; minimum frequency achieved = 46.55 Hz.
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Figure 5.2 demonstrates the voltage profile of the power system after the disturbance. The steady
state voltage is 217.6 kV, which falls within safe limits of the voltage range of the power system,

22045 % kV.
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Figure 5:2: Voltage profile of the national grid. Steady state voltage = 217.6 kV; maximum
voltage achieved = 227.95 kV; minimum voltage achieved = 187.26 kV.

The rate of change of frequency variation after the disturbance is shown in Figure 5.3. The

minimum frequency degradation rate is -1.51 Hz/s.
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Figure 5:3: Rate of change of frequency after the disturbance. Minimum value achieved = -1.51
Hz/s
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Figure 5.4 shows some of the stages involved in the Load Shedding Scheme. In order to address
this disturbance, all six stages of the LSS got implemented.
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Figure 5:4: Stages involved in the load shedding scheme

Some of the generator performance at the instant of the disturbance is shown in Figure 5.5.
Hence with the implementation of the Proposed Load Shedding Scheme — I, the system can be
brought to a steady state condition even during a large disturbance such as 825 MW (which is
equivalent to tripping of the coal power plant), that can’t be achieved by implementing the

current load shedding scheme of the CEB.
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Figure 5:5: Power outputs of some selected generators: Puttalam Coal, Kerawalapitiyal, 2, & 3
and Barge were tripped-off at 65 s; Victoria2 is connected to the swing-bus.

5.2. Discussion: Load Shedding Scheme — II with generation deficit of 495.14 MW

With reference to the frequency profile in Figure 5.1, even though the system frequency get
stabilized within stability limits (49.5 Hz < /' < 50.5 Hz), with the implementation of the Load
Shedding Scheme — I, the frequency goes beyond 53 Hz for few seconds (4 s) and reaches below
47 Hz for = 2.5 s. Even though the maximum voltage the system reaches is within safe limits,
the minimum voltage achieved in the system goes below 198 kV (for emergency situations
allowable voltage range is 198 kV < v < 242 kV). The proposed Load Shedding scheme — II

eliminates/ minimizes such undesirable situations letting a chance for a further number of
consumers to be catered. Out of the several scenarios which were tried out with the Load

shedding Scheme — II, system performance with a generation deficit of 495.14 MW is discussed

here.
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5.2.1. Performance of the national grid:

The intention of the Load Shedding Scheme — II is to cater 40% of the consumers without any
disturbance during a faulty situation in the power system (national grid). As discussed in 4.1.8.2,
with a forced outage of 495.14 MW generation, the national grid could be brought to a stable
condition. Figure 5.6 shows the frequency profile of the national grid after the disturbance
considering. The frequency always retains within limits: 48.0 < < 52.0 Hz. It reaches a steady

state frequency of 49.75 Hz after the disturbance.
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Figure 5:6: Frequency profile of the national grid with the disturbance. Steady state frequency =
49.75 Hz

The voltage profile of the national grid is appeared in figure 5.7. For transmission voltage of 220

kV, it has a tolerance of 220 kV + 5% during a disturbance, i.e. 209 kV <v <231 kV and it can
have a tolerance of 220 kV + 10% during an emergency, i.e. 198 kV < v < 242 kV. The

simulation results show that the voltage reaches a steady state condition within stable limits

which equals 212.81 kV.

The rate of change of frequency is shown in Figure 5.8. The minimum rate of change of

frequency it reaches because of the disturbance is 0.793 Hz/s.
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Figure 5:7: Voltage profile of the national grid during and after the disturbance. Steady state
voltage =212.81 kV
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Figure 5:8: Rate of change of frequency after the disturbance. Minimum rate of change of freq. =
-0.793 Hz/s
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Because of the forced outage of generation with a capacity of 495.14 MW, all four stages of the
Phase — I of the LSS got implemented and it initiated the islanding operation of the Load
Shedding Scheme, which is given by the ‘Stage 7°. Figure 5.9 shows the stages that got

implemented and when they got implemented.

= Stage1 = Stage2 = Stage3 = Staged = Stage7
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65.20 65.40 65.60 65.80 66.00 66.20 66.40 66.60 66.80 67.00

Figure 5:9: Stages got implemented in the load shedding scheme. 4 nos. of stages of the phase-I
and the disintegration of the power system. The stage 7 corresponds to the 5th stage which leads
for disintegration of the power system.

Figure 5.10 demonstrates the generation output of some generators that got tripped and some

other generators which are catering the demand.
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Figure 5:10: Some of the power plants that got tripped-off and generation output of some
selected generators.

When consider the stability of the islands formed during the disintegration of the power system,

it can be shown that the frequency and the voltage of each island retain within stability limits.

5.2.2. Performance of Island Rantembe:

It is possible to maintain the stability of the Island Rantembe while catering part of the
consumers in the island. Its control station is located in the grid Rantembe as shown in Figure
5.11. Until the disintegration of the power system occurs, the Generator Rantembe operates as
one of the hydro-generators of the power system of Sri Lanka. But when disintegration is done,
immediately it takes over the role of the isochronous governor. Figure 5.12 shows the control

logic used to perform as a swing generator.
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Figure 5:11: Island Rantembe control station is located in the Grid-Rantembe.
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Figure 5:12: Generator Rantembe takes over the role of the isochronous governor just after
islanding operation occurs.
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According to the Figure 5.13, the frequency profile of island Rantembe which occurs with the

disintegration of the power system retains within specified limits: 52 Hz > f > 48 Hz. The

maximum and minimum frequencies it reached immediately after islanding is 51.45 Hz and

48.24 Hz while the steady state frequency it reached is 50.08 Hz.
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Figure 5:13: Frequency profile of Island Rantembe.

The Figure 5.14 clearly shows the voltage during the islanding agrees the condition: 145.2 kV >

v > 118.8 kV. The maximum voltage it reached, 135 kV is less than the maximum system

voltage allowable and the minimum voltage it reached, 124 kV is greater than the minimum

system voltage allowable. The steady state voltage it reached is 130.38 kV which satisfies the

condition 145.2 = v > 118.8 kV.
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Figure 5:14: Voltage profile of Island Rantembe.

The rate of change of frequency during the disintegration of the power system is shown in Figure

5.15. It comes to a steady state condition with time.
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Figure 5:15: Rate of change of frequency of Island Rantembe during disintegration of the power
system.

A load shedding scheme should be introduced to make the system balance during the transient

period. In the Island Rantembe, during the disintegration of the power system ‘stage 1’ of the
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load shedding scheme which is known as ‘IRstagel’ got implemented. This is demonstrated in

Figure 5.16.
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Figure 5:16: ‘stage 1’ of the load shedding scheme of the Island Rantembe, known as ‘IRstagel’
got implemented to stabilize the system.
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Figure 5:17: At the instant the reactance got connected to the ‘Island Rantembe — power system’,
the state of the graph goes high.

163



In order to balance the reactive power of the island an inductive load has been connected to the
island (an action equivalent to the static var compensator — SVC) through a sequencer. The graph
shows the instant the reactance got connected to the ‘Island Rantembe — power system’ which is
the instant that the disintegration of the National Grid occurs. This is shown in Figure 5.17. The
control logic — ‘sequencer’ used (in PSCAD) to connect the reactance to the power system (for
reactive power compensation) and the inductor used for reactive power compensation are shown

in Figure 5.18 and Figure 5.19 respectively.
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Figure 5:18: The control logic — ‘sequencer’ used (in PSCAD) to connect the reactance to the
‘Island Rantembe — power system’.
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Figure 5:19: Inductor used for reactive power compensation.

Since the generator Rantembe has been connected to the swing bus, its active and reactive power

generations after the islanding operation, are shown in Figure 5.20 and Figure 5.21 respectively.
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Figure 5:20: Generator Rantembe has been considered as the generator with the isochronous
governor. Its power generation against time, after islanding operation.
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Figure 5:21: Reactive power generation of the generator Rantembe with the isochronous
governor.
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5.2.3. Performance of Island Matugama

With the disintegration of the power system the simulation results show that the Island
Matugama could be brought to a balance and stable power system. . Its control station is located
in the grid Kukule as shown in Figure 5.22. Until the disintegration of the power system occurs,
the Generator Kukulel operates as one of the hydro-generators of the power system of Sri Lanka.
But when disintegration is done, immediately it takes over the role of the isochronous governor.

Figure 5.23 shows the control logic used to perform as a swing generator.
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Figure 5:22: Island Matugama control station is located in the Grid-Kukule.
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Figure 5:23: Generator Kukulel takes over the role of the isochronous governor just after
islanding operation occurs

The frequency profile of island Matugama with the disintegration of the power system, should

retain within specified limits: 52 Hz > f > 48 Hz. But according to the Figure 5.24, the

maximum and minimum frequencies it reached immediately after islanding is 52.2 Hz and 48.24
Hz. Even though the maximum frequency exceeds the maximum specified frequency limit, i.e.

52.0 Hz, it lasts just for 10 s duration. The steady state frequency it reached is 50.19 Hz.
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Figure 5:24: Frequency profile of Island Matugama.

The Figure 5.25 clearly shows the voltage during the islanding is 145.2 kV > v > 118.8 kV. The

maximum voltage it reached, 132.97 kV is less than the maximum system voltage allowable and

the minimum voltage it reached, 123.04 kV is greater than the minimum system voltage

allowable. The steady state voltage it reached is 129.15 kV which satisfies the condition 145.2 >

v > 118.8kV.
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Figure 5:25: Voltage profile of the Island Matugama.
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The rate of change of frequency during the disintegration of the power system is shown in Figure

5.26. It comes to a steady state condition with time.
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Figure 5:26: Rate of change of frequency after the disturbance in Island Matugama.

A load shedding scheme should be introduced to make the system balance during the transient
period. In the Island Matugama, during the disintegration of the power system ‘stage 1° of the
load shedding scheme which is known as ‘IMstagel’ got implemented. This is demonstrated in

Figure 5.27.

In order to balance the reactive power of the island an inductive load has been connected to the
island (an action equivalent to the static var compensator — SVC) through a sequencer. The graph
shows the instant the reactance got connected to the ‘Island Matugama — power system’ which is
the instant that the disintegration of the National Grid occurs. This is shown in Figure 5.28. The
control logic — ‘sequencer’ used (in PSCAD) to connect the reactance to the power system (for
reactive power compensation) and the inductor used for reactive power compensation are shown

in Figure 5.29 and Figure 5.30 respectively.
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Figure 5:27: ‘stage 1’ of the load shedding scheme of the Island Matugama, known as
‘IMstagel’ got implemented to make the system stable
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Figure 5:28: At the instant the reactance got connected to the ‘Island Matugama — power
system’, the state of the graph goes high.
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Figure 5:29: The control logic — ‘sequencer’ used (in PSCAD) to connect the reactance to the
‘Island Matugama — power system’.
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Figure 5:30: Inductor used for reactive power compensation.

Since the generator Kukulel has been connected to the swing bus, its active and reactive power

generations after the islanding operation, are shown in Figure 5.31 and Figure 5.32 respectively.
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Figure 5:31: Generator Kukulel has been considered as the generator with the isochronous
governor. Its power generation against time after islanding operation
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Figure 5:32: Reactive power generation of the generator with the isochronous governor

5.2.4. Performance of Island Embilipitiya

While catering part of the consumers in the island, the stability of the Island Embilipitiya can be
maintained within specified frequency and voltage limits. Its control station is located in the
grid-Samanalawewa as shown in Figure 5.33. Until the disintegration of the power system
occurs, the Generator Samanalawewal operates as one of the hydro-generators of the power
system of Sri Lanka. But when disintegration is done, immediately it takes over the role of the
isochronous governor. Figure 5.34 shows the control logic used for the Generator

Samanalawewal to perform as a swing generator.
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Figure 5:33: Island Embilipitiya control station is located in the Grid-Samanalawewa.

The frequency profile of island Embilipitiya with the disintegration of the power system, should

retain within specified limits: 52 Hz > f > 48 Hz. But according to the Figure 5.35, the

maximum and minimum frequencies it reached immediately after islanding is 53.76 Hz and
48.39 Hz. But during the islanding operation, the frequency exceeds the specified limits and it
lasts for 25 s beyond 52.0 Hz. The steady state frequency it reached is 50.4 Hz.
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Figure 5:34: Generator Samanalawewal takes over the role of the isochronous governor just
after islanding operation occurs.
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Figure 5:35: Frequency profile of Island Embilipitiya.

The Figure 5.36 clearly shows the voltage during the islanding is 145.2 kV > v > 118.8 kV. The

maximum voltage it reached, 133.2 kV is less than the maximum system voltage allowable and

the minimum voltage it reached, 120.95 kV is greater than the minimum system voltage

allowable. The steady state voltage it reached is 130.02 kV which satisfies the condition 145.2 >

v = 1188 kV.
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Figure 5:36: Voltage profile of Island Embilipitiya.
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The rate of change of frequency during the disintegration of the power system is shown in Figure

5.37. It comes to a steady state condition with time.
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Figure 5:37: Rate of change of frequency after the disturbance in Island Matugama.

The load shedding scheme which was introduced to make the system balance during the transient
period which occur after the disintegration of the power system, got activated by implementing

the ‘stage 1 which is known as ‘IEstagel’. This is demonstrated in Figure 5.38.
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Figure 5:38: ‘stage 1’ of the load shedding scheme of the Island Embilipitiya, known as
‘IEstagel’ got implemented to make the system stable
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In order to balance the reactive power of the island an inductive load has been connected to the
island (an action equivalent to the static var compensator — SVC) through a sequencer. The graph
shows the instant the reactance got connected to the ‘Island Embilipitiya — power system’ which
is the instant that the disintegration of the National Grid occurs. This is shown in Figure 5.39.
The control logic — ‘sequencer’ used (in PSCAD) to connect the reactance to the power system
(for reactive power compensation) and the inductor used for reactive power compensation are

shown in Figure 5.40 and Figure 5.41 respectively.
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Figure 5:39: At the instant the reactance got connected to the ‘Island Embilipitiya — power
system’, the state of the graph goes high.
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Figure 5:40: The control logic — ‘sequencer’ used (in PSCAD) to connect the reactance to the
‘Island Embilipitiya — power system’.
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Figure 5:41: Inductor used for reactive power compensation.

Since the generator Samanalawewal has been connected to the swing bus, its active and reactive

power generations after the islanding operation, are shown in Figure 5.42 and Figure 5.43

respectively.
€0 - N
40 4
20 -
0 -
0 100 200 300 400 500 800 700

Figure 5:42: Generator Samanalawewal has been considered as the generator with the
isochronous governor. Its power generation against time after islanding operation
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Figure 5:43: Reactive power generation of the generator with the isochronous governor

5.2.5. Performance of Island Kiribathkumbura

While catering part of the consumers in the island, the stability of the Island Kiribathkumbura
can be maintained within specified frequency and voltage limits. Its control station is located in
the grid Ukuwela as shown in Figure 5.44. Until the disintegration of the power system occurs,
the Generator Ukuwela operates as one of the hydro-generators of the power system of Sri
Lanka. But when disintegration is done, immediately it takes over the role of the isochronous
governor. Figure 5.45 shows the control logic used for the Generator Ukuwela to perform as a

swing generator.
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Figure 5:44: Island Kiribathkumbura control station is located in the Grid-Ukuwela.

According to the Figure 5.46, the frequency profile of island Kiribathkumbura which occurs with

the disintegration of the power system retains within specified limits: 52 Hz > f > 48 Hz. The
maximum and minimum frequencies it reached immediately after islanding is 50.24 Hz and

47.65 Hz while the steady state frequency it reached is 49.88 Hz.
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Figure 5:45: Generator Ukuwela takes over the role of the isochronous governor just after
islanding operation occurs.

The Figure 5.47 clearly shows the voltage during the islanding agrees the condition: 145.2 kV >

v = 118.8 kV. The maximum voltage it reached, 142.78 kV is less than the maximum system

voltage allowable and the minimum voltage it reached, 125.75 kV is greater than the minimum

system voltage allowable. The steady state voltage it reached is 132.31 kV which satisfies the

condition 132 = 10% kV (145.2 > v > 118.8 kV).
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Figure 5:46: Frequency profile of Island Kiribathkumbura
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Figure 5:47: Voltage profile of Island Kiribathkumbura

The rate of change of frequency during the disintegration of the power system is shown in Figure

5.48. It comes to a steady state condition with time.
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Figure 5:48: Rate of change of frequency of Island Kiribathkumbura during disintegration of the
power system.

The load shedding scheme which was introduced to make the system balance during the transient
period which occurs after the disintegration of the power system, got activated by implementing
the ‘stage 1’ and ‘stage 2’ which are known as ‘IKstagel’ and ‘IKstage2’. This is demonstrated

in Figure 5.49.

In order to balance the reactive power of the island an inductive load has been connected to the
island (an action equivalent to the static var compensator — SVC) through a sequencer. The graph
shows the instant the reactance got connected to the ‘Island Kiribathkumbura — power system’
which is the instant that the disintegration of the National Grid occurs. This is shown in Figure
5.50. The control logic — ‘sequencer’ used (in PSCAD) to connect the reactance to the power
system (for reactive power compensation) and the inductor used for reactive power

compensation are shown in Figure 5.51 and Figure 5.52 respectively.
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Figure 5:49: ‘stage 1° and ‘stage 2’ of the load shedding scheme of the Island Kiribathkumbura,
known as ‘IKstagel’ and ‘IKstage2’ respectively got implemented to make the system stable
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Figure 5:50: At the instant the reactance got connected to the ‘Island Kiribathkumbura — power
system’, the state of the graph goes high.
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Figure 5:51: The control logic — ‘sequencer’ used (in PSCAD) to connect the reactance to the
‘Island Kiribathkumbura — power system’.
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Figure 5:52: Inductor used for reactive power compensation.

Since the generator Ukuwela has been connected to the swing bus, its active and reactive power

generations after the islanding operation, are shown in Figure 5.53 and Figure 5.54 respectively.
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Figure 5:53: Generator Ukuwela has been considered as the generator with the isochronous
governor. Its power generation against time after islanding operation
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Figure 5:54: Reactive power generation of the generator with the isochronous governor

5.3. Performance comparison on selected Load Shedding Schemes (LSS)

A comparison of performance of the three load shedding schemes:
e CEB Load Shedding Scheme
e Proposed Load Shedding Scheme — 1
e Proposed Load Shedding Scheme — II, was carried out simulating different scenarios on

the power system of Sri Lanka (Simulation model done with PSCAD EMTDC).

Each scenario was applied to all three schemes and several such scenarios were considered.
Generation deficits were originated by forced capacity outages and corresponding frequency
variations occurred for the LSSs were tabulated as shown in Table 5.55 for comparison. The
observations were received from a Power System simulation done for a load flow with actual
data, received from the CEB. A model of the Power System of Sri Lanka was simulated using
the software PSCAD EMTDC, at that instant the total generation was 1637 MW. The results

discussed here are based on the above total generation.
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With the results obtained in this simulation, it is evident that a LS step which gets implemented
after 48.6 Hz can lead to situations where SF goes below 47.5 Hz. This can also lead to

instability situations in the PS.

¢ In the CEB LSS, the adaptive LS step (amounts to 21% of the total load) is to get implemented
at df/dt < 0.85 Hz/s & SF =49.0 Hz. As the maximum ROCOF occurs after about 1.5 s from
the instant of the initiation of the disturbance, for such a large disturbance this 0.85 Hz/s is
achieved after 48.6 Hz. Before reaching this state, possibility of implementing earlier steps can

lead to excessive LS. Hence the effectiveness of the LS step is questionable.

e The LSS itself has a step (5™ step) with the condition for implementing if frequency < 47.5 Hz
with no intentional time delay. Even if that step gets implemented, the PS takes further time to
bring the SF above 47.5 Hz. In Sri Lanka, thermal PPs contribute to a considerable portion of
power generation, which is =65% of its average total generation. Hence it has a large tendency

to collapse the whole PS with the available LSS.

e The CEB LSS helps to maintain the stability of the PS only at certain amounts of generation
deficits. The frequency profile with 275 MW capacity outage, corresponding to tripping of
Lakvijaya Coal PP (one generator — since each generator contributes the PS with 275 MW
constant power), clearly shows that the system becomes stable with the current LSS. But if 2

nos. or 3 nos. coal PPs get tripped that may lead even to a catastrophic failure.

e Therefore it is very important to go for a LSS which does not lead the system frequency below

the minimum allowable operating frequency (47.5 Hz) as well as that does not shed excessive

load.

e The PLSSs supports the PS during generation deficits due to tripping of small generators as
well as large capacity PPs (eg. Lakvijaya Coal PP-1, PP-2, PP-3 or any combination of these).
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e The Proposed LSS — I can be implemented with the prevailing facilities in the PS of Sri Lanka.

This suggests a better solution for the stability problem due to generation deficit.

o If the generation capacity of Sri Lanka increases further with large generators and with
fluctuating generation capacities, it is a good option to go for disintegration of the power
system. This let more consumers have electricity with lesser interruptions. This is
demonstrated in the Proposed LSS — II. Even though it suggests 40% of the load to give
priority in catering electricity (when concern the national grid) further amount of load receives

power due to islanding operation.
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6. CONCLUTION

This research was carried out based on a model of the power system of Sri Lanka, which was
simulated suing PSCAD EMTDC and COMFORTRAN software. This power system
simulation was done with reference to the load flow occurred on the 13"™ May, 2013 as the
day-time peak demand, (around 12.30 p.m.). Different actual power system scenarios were
simulated in this model and its results/performance was very much closer to real time values.
But as I see, following are some points that should be accounted for, through which the

performance of the simulation model could have been improved further.

e The power system is comprised with a variety of generator/ turbine types, such as
steam — turbine power plants, gas — turbine power plants and diesel engines. In
simulating these thermal generators in the power system, I have considered all of
them (thermal generators) as steam turbine power plants. (Section 3.2.6.1)

e Even though the generation capacities are different I have used the same set of
parameters in certain situations (especially in simulating the governor, turbine and
generator) for thermal plants and hydro plants, (two separate sets for the two
corresponding types). (Section 3.2.6.3, Section 3.2.7.2 Table 3.13, Table 3.16)

e [t was not possible to get the actual inertia values for all generators, for the
simulation. [ used some experimental values as well as some calculated values in this
process, which may not be the exact vales of the inertias of the units connected to the
national grid at that instant. (Section 3.2.4.4, Table 3.10)

e In the simulation, the loads connected to bus bars at each grid were considered as
fixed values. Even though the inductive and capacitive reactance varies with the
system frequency variations, the option of inductive and capacitive loads which are
not sensitive to system frequency was selected in the simulation.

e If we consider the construction details of a particular standard type underground
cable, their construction details may be slightly different from one manufacturer to
another. So the same values may not be applied in the simulation process, which are
identical to the power system components.

e Devices such as CFL lamps, Variable Speed Drives, Switching devices etc. are
becoming much popular in the country. Even though they have many advantageous

situations to the consumer, on the other hand they introduce lot of harmonics whose
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effects may be very bad for the utility as well as the power system. This issue has not

been addressed in the simulation process.

With the developed simulation model of the Power System of Sri Lanka, it was able to come

to certain conclusions which are much favorable to maintain the system with a high quality

and reliable service. The results show that the Proposed Load Shedding Schemes are better

solutions for the power system stability problem during generation deficiencies. These

proposed load shedding schemes are exclusively specific for the power system of Sri Lanka.

It depends on the electrical power system practice, regulations, largest generator

capacity/capacities, electricity consumption pattern, capacity of embedded generation etc.

By implementing a load shedding scheme at an initial stage of a generation
deficiency, further reduction of system frequency can be eliminated. This would be
very supportive in regulating frequency in a power system. Accordingly the proposing
frequency for initiating a Load Shedding Scheme is 49. 4 Hz. With reference to the
current practice of Sri Lanka, CEB initiates its Load Shedding Scheme if the system
frequency < 48.75 Hz with a delay time of 100 ms.

The chance of occurring the conditions “f < 49.0 Hz” and “-0.85 < df/dt” (which can
be considered as adaptive to the system behavior) together (i.e. the logic condition ‘f
<49.0 Hz & -0.85 < df/dt’), that are given in the CEB load shedding scheme is very
much less. Hence there is a high possibility of initiating ‘other stages’ of the load

shedding scheme in addition to this stage, which may lead to ‘over-shedding’.

If it is possible to limit implementing the load shedding stages in the Load Shedding
Scheme only up to a system frequency of 48.6 Hz, the power system can be retained

within the specified frequency limits (minimum safe operating frequency limit of

thermal generator): i. e. the system frequency = 47.0 Hz. Since Sri Lanka is a country

which receives electricity mostly from thermal power generation, it is very important
to keep the system frequency beyond the safe limit 47.0 Hz. Else this can lead for a

catastrophic failure.
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Further by implementing disintegration of the national grid at an instant where the
system frequency = 48.6 Hz, rather than considering a specific df/dt value, it is
possible to maintain the frequencies in the national grid as well as in islands
approximately above 47.5 Hz. There by the stability of the grid network can be

assured.

During disintegration of the power system it is very important to identify and isolate
transmission lines which do not cater power to any loads but still energized while
being connected to the power system. It is because this type of transmission lines can
affect the reactive power balance of the power system and hence may lead to

catastrophic failures.

With the help of the simulation program I was able to explain real time situations/
problems which were experienced by engineers in the CEB,
— while they were trying to isolate the southern part of the national grid
— during a generation tripping occurred in the Laxapana and New-
Laxapana power stations.
This was because reactive power imbalances occur in the National Grid due to No-

Load or Lightly Loaded transmission lines in the transmission network.

With the Proposed LSS — II, even though it suggests 40% of the load to give priority
in catering electricity (when concern the national grid) further amount of load receives
power due to islanding operation. Therefore, it is possible to cater a larger number of

consumers by disintegration of the power system.

In this simulation model SVC were not used; instead by doing a small calculation for
reactive power consumption in each island, the reactive power compensation was
done. More successful results can be assured if SVCs were introduced to each and

every island as well as to the national grid.
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APPENDICES

APPENDIX -1

TRANSMISSION LINES

Power system’s main power corridor: Transmission lines and transformers with a two-port
network.
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Referring to Figure 1 (a) approximated two port transmission network and (b) phasor
diagram:

V —receiving end phase voltage
E — sending end phase voltage

P — single - phase real power

Q —single - phase reactive power

|BC| = XIcosgp = E sind
Hence Icosp = gsin(?

|AC| = XIsing = Ecosé —V
Hence Ising = gcosd — ;
Real power, P = VIcosp = %siné‘

~P(6) = EX—VSinS <«— power — angle characteristics
d is known as the load angle or power angle.

Since the real power P depends on the product of phase voltages and the sine of the angle 6
between their phasors. In power networks, node voltages must be within a small percentage
of their nominal values. Hence such small variations cannot influence the value of real power.
Large changes of real power, from negative to positive values, correspond to changes in the
sin 8. The system can operate only in that part of the characteristic which is shown by a solid
line in figure 3 (c). The angle 9 is strongly connected with system frequency f; hence the pair
‘P and f” is also strongly interrelated.

Reactive power,

_EV 5 vz
Q—Xcos X

cosbé = /1 —sin%é8

Due to stability considerations, the system can operate only in that part of the characteristic
which is shown by a solid line. The smaller the reactance X, the steeper the parabola; even
for small changes in V, cause large changes in reactive power. Obviously the inverse
relationship also takes place: a change in reactive power causes a change in voltage.

(a) X P,Q X P,Q
_/\/V\_r_y s YT
‘ \ /\ 99
E — |V E Y%
T T



(b)

(©
F ]

Figurel: (a) Two-port m equivalent circuit corresponding to an approximated transmission
line

(b) Corresponding phasor diagram

(c) Real power and reactive power characteristics

Hence the three factors that can affect the stability of PS can be identified as:
e Load angle, 6
e Frequency, f
e Nodal voltage magnitude, V
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APPENDIX - 11

COMPOSITE LOADS

Usually each composite load represents a relatively large fragment of the system typically
comprising

low- and medium-voltage distribution networks,

small power sources operating at distribution levels,

reactive power compensators,

distribution voltage regulators,

a large number of different component loads such as motors, lighting and electrical
appliances [6].

In the steady state the demand of the composite load depends on the bus-bar voltage ¥ and
the system frequency f. The functions describing the dependence of the active and reactive
load demand on the voltage and frequency P(V, f ) and Q(V, f ) are called the static load
characteristics.
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The characteristics P(V ) and Q(V ), taken at constant frequency, are called the voltage
characteristics while the characteristics P(f') and Q(f ), taken at constant voltage, are called
the frequency characteristics. The slope of the voltage or frequency characteristic is referred
to as the voltage (or frequency) sensitivity of the load. Figure 2, illustrates this concept with
respect to voltage sensitivities.

P, Q

/<atan Koy
7
P(V) av)

atan kqy

N

Figure 2: Illustration of the definition of voltage sensitivity

Voltage sensitivities kpy and kqv and the frequency sensitivities kpr and kqr are usually
expressed in per units with respect to a given operating point:

_AP/P,
PV Av v,
o = 8Q/Q
T AV Y,
e AP/P,
Y
L - hesep
YA/

Where,
Po, Qo, Vo, fo, AP and AQ, are: real power, reactive power, voltage, frequency, real power
change, and reactive power change at a given operating point.

A load is considered to be stiff, if at a given operating point, its voltage sensitivities are small.
If,

o kpy=0
kov = 0, the load is considered to be ideally stiff. The power demand of that load
does not depend on the voltage.
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e Aload is voltage sensitive if kpy, and kg are high

e For a small AV change cause high change in the demand, AP .
® Usually kPV < kQV

APPENDIX - III

GENERATION CHARACTERISTIC

In the steady state, the idealized power—speed characteristic of an i™ generating unit can be
written as:

Aw AR, AP, Aw
o, PR TR T o,
Af AP, AP, Af
- = —Pi = —K; —
fn Pni Pni fn

In the steady state, all the generating units operate synchronously at the same frequency.
When,

Aw = fraction of rated speed

w, = rated speed

w = turbine speed

Af = fraction of frequency

f = system frequency

APt = the overall change in the total power generated
N = no. of generator units

Pm = turbine power

P» = nominal power output;
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fn Pnl
Ng
_4f
APr = — 7 K;Py;
i3
Ng

a3 () 2

Change in generated power as

applied by the turbine
't 1'1 f
B 0 [l =
Af === L Afqmm==
BT [T,
4 L1 fml P Tm2
Afw Al

Figure 3: Generation characteristic as the sum of the speed—droop characteristics of all
the generation units.

Figure 3, illustrates how the characteristics of individual generating units can be added
according to Equation (1) to obtain the equivalent generation characteristic. This
characteristic defines the ability of the system to compensate for a power imbalance at the
cost of a deviation in frequency. For a power system with a large number of generating units,
the generation characteristic is almost horizontal such that even a relatively large power
change only results in a very small frequency deviation. This is one of the benefits accruing
from combining generating units into one large system.

To obtain the equivalent generation characteristic of Figure 4, it has been assumed that the
speed—droop characteristics of the individual turbine generator units are linear over the full
range of power and frequency variations. In practice the output power of each turbine is
limited by its technical parameters. The speed — droop characteristics of a turbine with an
upper limit is shown in figure 4.
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Figure 4: Speed—droop characteristic of a turbine with an upper limit.

If a turbine is operating at its upper power limit then a decrease in the system frequency will
not produce a corresponding increase in its power output. At the limit p = oo or K = 0 and the
turbine does not contribute to the equivalent system characteristic. Consequently the
generation characteristic of the system will be dependent on the number of units operating
away from their limit at part load; that is, it will depend on the spinning reserve, where the
spinning reserve is the difference between the sum of the power ratings of all the
operating units and their actual load.

The allocation of spinning reserve is an important factor in power system operation as it
determines the shape of the generation characteristic. This is demonstrated in figure 6, with
two generating units.

In Figure 6 (a), the spinning reserve is allocated proportionally to both units (which operate at
a frequency of fj) and the maximum power of both generators is reached at the same
operating frequency f ;. The sum of both characteristics is then a straight line (as given in
equation (1)), up to the maximum power Pyax = Pmax 1 + Pmaxo.

Figure 5 (b) shows a situation where the total system reserve is the same (equal to the amount
of the previous case), but it is allocated solely to the second generator. That generator is
loaded up to its maximum at the operating point (frequency f',). The resulting total generation
characteristic is nonlinear and consists of two lines of different slopes. The first line is formed
by adding both inverse droops, K11#0 and Kr,#0 , in Equation (3). The second line is formed
noting that the first generator operates at maximum load and Kp;= 0, so that only Kr#0
appears in the sum in Equation (3). Hence the slope of that characteristic is higher.

{a)

(b)




Figure 5: Influence of the turbine upper power limit and the spinning reserve allocation on
the generation characteristic.

The number of units operating in a real system is large. Some of them are loaded to the
maximum but others are partly loaded, generally in a non-uniform way, to maintain a
spinning reserve. Adding up all the individual characteristics would give a nonlinear resulting
characteristic consisting of short segments with increasingly steeper slopes. That
characteristic can be approximated by a curve shown in Figure 6. The higher the system load,
the higher the droop until it becomes infinite pr = oo, and its inverse Kr = 0, when the
maximum power Pyax is reached. If the dependence of a power station’s auxiliary
requirements on frequency were neglected, that part of the characteristic would be vertical
(shown as a dashed line in Figure 6). However, power stations tend to have a curled-back
characteristic — see curve 4 in Figure 8. Similarly curled is the system characteristic shown in
Figure 6.

_f‘lk

_|>

PT MAX J'UT

Figure 6: Static system generation characteristic

L

Figure 7: Turbine power—speed characteristic for the unregulated turbine (lines 1, 2) and the
regulated turbine (lines 3, 2, and 4).

The generation characteristic of an actual power system is nonlinear and consists of many
short sections of increasing slope as more and more generating units reach their operating
limits as the total load increases until, at maximum system load, there is no more spinning
reserve available. The generation characteristic then becomes a vertical line. For small power
and frequency disturbances, it is convenient to approximate this nonlinear generation
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characteristic in the vicinity of the operation point by a linear characteristic with a local droop
value.

The total system power generation is equal to the total system load (Pr), including
transmission losses.

Equation (1)/Py, gives:
APr Af Af APr
il Zoor L= -r
PL ’ fn fn pr PL
(2)
Where,
K, = ZisaKiPu)
Py (3)
1
Pr = Ky

Equation (2) describes the linear approximation of the generation characteristic calculated for
a given total system demand. Further, the coefficients in Equation (3) are calculated with
respect to the total demand, not the sum of the power ratings, so that pr is the local speed-
droop, of the generation characteristic and depends on the spinning reserve and its allocation
in the system as demonstrated in Figure (5).
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APPENDIX -1V

VOLTAGE COLLAPSE

When the reactive power required by the transmission system becomes inadequate, we say
that the power system goes through a “voltage collapse.” Voltage collapse can be best
explained by the trivial example shown in Figure 8, [13]. If we solve the power flow
equations for the load bus, we get:

E
P(V,08) = —V.Sin@.}
And

(—Cos8.E+V)

QW,6)= -V =

E=1.0pu =

Figure 8: example power system to show voltage collapse.

If we give the relationship between Q and P as Q = tan(¢) - P, then we get the plot for various
values of tan(¢) as shown in Figure 9. With reference to Figure 9, when the load draws
reactive power (tan(¢) > 0), the voltage drops off faster as P increases. Similarly, if the load
produces reactive power (tan (¢p) < 0), the voltage actually rises and stays above 1.0 pu for
much of the range. This is the phenomena of reactive compensation wherein one can supply
more real power, P, if reactive power is supplied at the load.

During a serious emergency on the transmission system or when a generator is lost, the
reactive power being consumed by the transmission system will cause the voltage to drop.
More importantly, the curve, often called the “nose curve” because of its shape, contracts and
the result is as shown in Figure 10.
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Figure 9: Voltage at receiving bus versus power delivered.
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Figure 10: contraction of the voltage characteristic during a transmission outage.

In this case, we shall assume that the system was supplying about 330 MW and gave
adequate reactive support to result in a pre-disturbance voltage that was within limits. The
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disturbance results in loss of transmission, and the resulting new voltage characteristic no
longer even intersects the vertical line at 330 MW and we then have a situation where the
power flow cannot be solved. Under such conditions, the voltage will collapse and the whole
power system will go down. Generally, failure of the power flow is a sign that the power
system is not secure and should be alarmed to operators.
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APPENDIX -V

Generation and transmission network of Sri Lanka as at 2011.
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APPENDIX - VI

Swing equation [6]
Swing equation is the fundamental equation governing the rotor dynamics.

One of the natural frequencies of the turbine/generator drive system will be at 0 Hz and
represents free-body rotation where the turbine and generator inertias move together with no
relative displacement of the individual rotor masses. When connected to the power system
this free-body rotation will appear as a low-frequency oscillation of typically 1 to 2 Hz. It is
this free-body rotation that is addressed in this section. When considering free-body rotation
the shaft can be assumed to be rigid when the total inertia of the rotor J is simply the sum of
the individual inertias. Any unbalanced torque acting on the rotor will result in the
acceleration or deceleration of the rotor as a complete unit according to Newton’s second
law:

dwp,
]7‘*‘ Dywpy = 1 — 7, (A)

Where,

J — total moment of inertia of the turbine and generator rotor (kgm?)

o, — rotor shaft velocity (mechanical rad/s)

T, — torque produced by the turbine (Nm)

T. — counteracting electromagnetic torque

D4 — damping-torque coefficient (Nms) — considers for the mechanical rotational loss due to
windage & friction

In the steady state,

o, _
dt
Then, rotor angular speed = synchronous speed = 0y
T = Dywsy + Te
-~ The net mechanical shaft torque = 1y,

Tm =Tt — Dgwgm = T

If, Tm > Te,thenrotor accelarates.
Tm < T.,thenrotor decelarates.

Wy = Wey + Awpy,
m

Wy = Wy +——
m sm dt

dw, d ds,1 d*6,
L L
dt dt dt dt?
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S(A) =

d?s dé,
J dt2m+ Dg [wsm‘l' d;n] =T~ Te
d?s. dé
J ?;n +Ddd_;n= (1t — Dgwsm) — Te
Tm
d26m dé,
/g *Pag T T
d25m dém,
] wsmﬁ + Dda)sm? = WsmTm — WsmTe
Wsm Wsm
= WOmTm WmTe
m m
Wsm Wsm
= B, — P,
Wy, wy
wsm - wm ’
Hence,
d25m doép,
Ism wsmF =Py— P - Dd“’sm?
d25m dén,
M g = = e = Dmg
d25m ddép,
m a2 =Pp— F—Dn dt
Where,

M, = angular momentum of rotor at synchronous speed
D,, = damping coefficient
Wsm, = Synchronous speed
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It is common practice to express the angular momentum of the rotor in terms of a normalized
inertia constant when all generators of a particular type will have similar ‘inertia’ values
regardless of their rating.

Inertia constant, H is defined as: The stored kinetic energy in MJ at synchronous speed
divided by the machine rating, S, in MVA, so that:

1

o= jla)szm

Sn

_2HS,

m

wS m

[H]=s

H — Kinetic energy of the rotor at synchronous speed, in terms of the number of seconds it
would take the generator to provide an equivalent amount of electrical energy when operating
at a power output equal to its MVA rating

The power angle and angular speed can be expressed in electrical radians and electrical
radians per second respectively, rather than their mechanical equivalent, by substituting

5= 5_7"
p/2
SWem

We =
* p/2

Where,

P —number of poles

0 — power angle in electrical radians
s — electrical radians per second

Substituting 6 and o in equation (B), the swing equation can be written as,

2HS,, d?§ ds
—+D— =
ws dt? dt

p=2Pm
p
Let,
M — inertia coefficient
Pp — damping power
D — damping coefficient
Pacc — net accelerating power
Then,
2HS.
M=—"
wS
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P,=D—
b dt

Then swing equation takes common form:

d?s
MW = Bn— F.— Pp = Py
Further,
dAw
sz Bn— Fo— Pp = Py
dé‘—A
ac - °¢

o, — rotor speed in mechanical rad/s
. — rotor speed in electrical rad/s

The rotor angular speed is synchronous speed wsy, while the turbine torque T is equal to the
sum of the electromagnetic torque 1. and the damping (or rotational loss) torque Dywgp,.
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