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ABSTRACT
MAHABOOB SUBHAN SHAIK. Synchrophasor based out-of-step protection in
modern power grid. (Under the direction of DR. SUKUMAR KAMALASADAN)

Power systems are continually subjected to wide range of disturbances and they

must adjust to these changes and continue to operate satisfactorily. Small disturbance
instability and transient instability are major threats to power system security which can
cause out of step conditions. The majority of out-of-step protection systems installed
throughout the world use local measurements that is voltage and current measurements at
one end of transmission line. The disadvantage of this scheme is its inability to have
knowledge about the other parts of the complex power network. Even though, the out-of-
step tripping system is well designed and appropriately set, it still has a number of
disadvantages in minimizing the effects of the disturbance. In this context, there is a need
for Special Protection Schemes (SPS) which receive the data from more than one locations
and process the decisions in wide area orientation. More recent technological
advancements in microprocessor based relays, combined with GPS receivers for
synchronization and accurate time stamping, are providing synchronized measurements
called synchrophasors. In this thesis an out-of-step detection algorithm is proposed using
system total transient energy based on the synchrophasor data obtained from phasor
measurement units. Conventional out-of-step detection techniques are discussed and
compared with proposed algorithm. The main advantage of the proposed method is that, it
detects unstable swings faster than conventional methods. Further, a method for power
system stabilizer (PSS) design is discussed and the performance of the performance of out-

of-step protection with PSS is studied.
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CHAPTER 1 : INTRODUCTION

Electrical Energy is generated, transmitted and distributed by electric power systems,
which are vital infrastructure whose contribution is critical to the economy of a nation. A
power system is a multi-variable complex electrical network with a number of generators,
load points, buses and interconnecting transmission lines. Today the power system is
spread out geographically in large area and the equipment complexities are increased.
Providing un-interrupted supply of electrical energy to meet the load demand is complex
technical challenge. Consequently, the safe, secure and reliable operation of the power
system has been a major concern throughout the years and it will get more complicated in

years to come.

Study of power system security and reliability requires the proper assessment of
system conditions and stability during small and severe disturbances. At steady state, a
power system has characteristics of constant voltage, frequency and the power angle for
all the synchronous generators. But the load on a power system is never a constant and
hence the disturbances are always present. Moreover, due to deregulation of electrical
energy markets, power systems are being operated closer to their maximum loadability.
Expansion of transmission networks to face the future demand growth suffers hindrances
due to the environmental constraints. As a result, power systems are more vulnerable to

severe disturbances like faults and lightning strokes on critical pieces of equipment. In



the next section, a general overview of the power system and the issues associated with

the power system operation are discussed.

1.1. Power System Structure

Generator
Step-Up
Transmission
Power Plants/ Transformer :
Generating Network (High
i voltages
Stath;l;éj{?)KV © 765,500,345,230,138
KV)
Step-down
Transformer

Y

Sub Primary Secondary
transmission Customer customer
(26KV and (13KV and (120V and

6IKV)

4KV)

240V)

FIGURE 1.1: Structure of power system

As shown in the figure 1.1, a typical power system consists of generation units,
transmission networks, distribution networks and loads. The electric power is generated
by synchronous generators located in the power plants. The voltage of the generated
power ranges from 10KV to 25KV. This voltage is then stepped up to higher voltages
ranging from 138KV to 765KV using step-up transformers. The electric power is

transmitted through the transmission network. At HV-MV substations, the voltages are



stepped down to lower levels. There the electric energy is distributed through primary
and secondary distribution feeders depending on the customer energy needs. Industrial
customers that require large amount of power are connected to primary feeders while

domestic users are connected to secondary feeders.

The main aim of a power system is to generate the active power to meet the load
demand at every instant of time. The active power transfer between two points is given

by the equation

Py, = ViVoYip sin(6; — 63) (1.1

Where V; and V, are the voltages at the two points, (§; — &) is the phase angle

difference, Y;, is the admittance between the two points.

From the equation (1.1), the voltage and the phase angle are the critical parameters on
which the transfer of active power depends. Moreover, the loads in the power system are
designed to operate at a particular frequency therefore maintaining the frequency is also

an important aspect for the successful power system operation.

A disturbance in power system is the result of either change in the load demand or
any abnormal condition such as short circuit or lightning strike. A synchronous generator
produces active power at a constant frequency if the generated active power matches the
load demand. Any change in the load makes the generator to accelerate or decelerate, and
as a result the frequency may increase or decrease. Automatic generator control (AGC)
schemes are used to adjust the generation to the load demand in the real time. These

adjustments require larger time frames as the time constants of the turbine and governors



control are large. On the other hand, abnormal conditions such as faults are the severe

disturbances and need to be identified and isolated as soon as possible for the secure

operation of the power system. In the next section, the definition of power system

reliability, stability and quality are discussed followed by the classification of power

system operating states.

1.2. Reliability of Power System

A power system is said to be reliable when it is able to meet the power system load

demand with an acceptable continuity of service at specified frequency and voltage

quality. Reliability can be sub-divided into three components, namely, stability, quality

and security.

Power

stability

System

Rotor Angular
stability

Voltage

Stability

Frequency Stability

Small Disturbance
Stability

Transient Stability

Large Disturbance
Voltage Stability

Small disturbance
Voltage Stability

FIGURE 1.2: Classification of power system stability

Power System Stability is defined as the ability of an electrical power system, for

given operating conditions, to regain its state of operating equilibrium after being

subjected to a physical disturbance, with the system variables bounded, so that the entire




system remains intact and the service remains uninterrupted. Figure 1.2 shows the
classification of power system stability based on the physical parameter that cause
instability. In terms of duration of study, stability can also be classified as short term
stability and long term stability. Rotor Angular stability refers to the ability of
synchronous generator in an interconnected system to remain in synchronism after being
subjected to disturbances. It depends on the machine’s ability to maintain equilibrium
between electromagnetic torque and mechanical torque of each synchronous machine in
the system. When the disturbances are small, the study is referred as small signal
stability. The component models can be linearized with respect to initial equilibrium

point and system can be studied using Eigen value analysis.

Quality is the ability of the power system to maintain continuity of power with
desired frequency and voltage. Security is defined as the ability of the system to cope
with any abnormal disturbances such as short circuits or unwanted relay trips following
loss of major components. The power system planners and the control center operators
execute N-1 security level. Specifically, this function checks whether system has enough
reserve margins in generation and transmission to withstand the loss of single equipment

subject to equality and inequality constraints.

1.3. Power System Operating States
For the purpose of analyzing power system security and designing appropriate control
and protection schemes, the system operating conditions can be classified into five
different states, namely normal, emergency, alert, in extremis, and restorative state.

Figure 1.3 depicts the five operating states along with possible state transitions.
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Restorative

|
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FIGURE 1.3: Operating states and transitions

Normal and secure state:

During the normal operating state, both equality and inequality constraints are satisfied.
Equality constraints refer to the balance between the generated power and load demand
while inequality constraints state the limits of some system variables such as currents,
voltages and frequency. A system which is in the normal state can be secure or insecure.
In secure case, the system is capable to withstand a single contingency without violating
any equality and inequality constraints. In the insecure case, the system is unable to cope

with contingencies.



Alert State:

In alert state, a power system is considered to be insecure. System operators must be alert
and constantly keep monitoring equality and inequality constraints. However, in an event
of any contingency, the lack of reserve margins may result in violation of some inequality
constraints, inducing a transition of the system to emergency state. In that instance, some
equipment may operate above their rated capabilities. If the severity of the disturbance is

very high, the system may change its state directly to in extremis state.

Emergency State:

A power system enters into emergency state from alert state when a contingency occurs
in the system. During emergency conditions, the voltage levels falls below the stability
limits at various buses and the system components are overloaded, implying the

inequality constraints are violated. The system can be restored back to the alert state by
initiating effective control strategies such as fault clearing, fast valving, exciter control,

generation tripping, and load shedding.

In extremis State:

When effective control measures are not applied to a system operating in emergency
state, it will enter into in extremis state. Here both equality and inequality constraints are
violated. In this state, the system may undergo cascading outages, which may result in the
formation of disconnected islands while inducing major disruption in the service.
Controlled system separation and load shedding are few actions that may be taken to

prevent occurrence of major failures and ensure least disruption in service.



Restorative State:

This state indicates that control actions are being implemented, which aim at restoring the
integrity of the power system. Depending on the existing operating conditions, the system

may transit from this state to alert state or the normal state.

Fault identification and fault clearing during emergency state are performed by
protection systems. A power system protection system is an auxiliary system which
identifies the faults in the power system and isolates the faulted equipment as early as
possible so that the remaining power system is intact. The protective devices receive the
current and voltage data using measuring devices such as current transformers and
voltage transformers. At the load centers, under voltage or over voltage relays are
implemented to detect the abnormal conditions in voltages. At the generating plants,
under or over frequency relays to detect the frequency variations. If the frequency
measured is out of the operating limits the control measures such as load shedding or
generator tripping will be implemented. All these schemes are local protection schemes
but the stresses due to major disturbances are global in nature. So there is a need to
design the global protective schemes which use the data from more locations and also act
with wide area orientation. These schemes are also called as special protection schemes
(SPS) or rapid action schemes (RAS). With the advent of phasor measurement units
(PMUs), which provide highly accurate synchronized measurements, designing and
implementation of special protection schemes became easier. Out-of-step protection
scheme is one of the special protection schemes which got a wide attention in current

research trends.
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One of the major problems in power systems operation is the small signal oscillatory
instability caused by insufficient damping. These oscillations are referred as power
swings and are detected by the power swing blocking or out-of-step tripping function. In
the literature, there are many conventional methods to detect the power swings and to
differentiate between stable and unstable swings. But they are dependent on the network
structure and the locally measured quantities because of which they suffer the inaccurate
detection and operation. With special protection schemes using synchrophasors, the

unstable swings can be detected fast and accurate.

1.4. Scope and Thesis Organization
The main objective of this thesis work is to develop a real time out-of-step detection
algorithm for detection of unstable power swings using synchrophasor measurements in
transmission systems. Furthermore, the behavior of out-of-step protection with power
system stabilizer, is analyzed. The test system used for this purpose is Kundur two area

system.

Chapter 2 is devoted to the literature review of power system protection and the
theoretical background of distance protection and out of step protection on a transmission
line. It contains the discussion about various types of distance relays and power swing
detection methods. It also contains brief introduction about the real time transient

stability assessment and its use in out of step detection.

Chapter 3 outlines design and hardware implementation of the conventional dual
blinder based out of step protection and synchrophasor based out of step protection using

the real time digital simulator (RTDS).
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Chapter 4 is devoted to the transient energy function method to determine the stable
and unstable power swings. The related mathematical formulation is discussed and the

total energy of the system is computed using the Lyapunov function.

Chapter 5 deals with the synchrophasor based out of step protection integrated with
power system stabilizer. It also contains the design methodology of power system
stabilizer using Heffron-Phillips Model of the synchronous machine. Chapter 6 provides

the conclusion of this research and possible future works.



CHAPTER 2 : LITERATURE REVIEW

In this chapter, basics of power system protection is discussed and the theoretical
framework of distance protection and out of step protection is presented. Protective relays
are used to detect abnormal system conditions that arise due to faults in the system by a
continuous monitoring of various system variables such as voltages, power flows, power
injections, and system frequency. Most protective relays are used to detect and disconnect
an element of the power system that is functioning outside its normal range. Further, in
section 2.3, different types of conventional out-of-step schemes are presented. In section
2.4, a brief overview of transient stability analysis methods and their feasibility for real

time applications is discussed.

2.1. Overview of Power System Protection
A typical protective system consists of current and voltage transformers, protective
relay, circuit breaker, control wiring or control schematic, communication system and co-
ordination methodology with other relays, fuses and active controls. Protective relay is a
piece of equipment whose function is to detect the abnormal system conditions or the
defective apparatus and initiate the proper control response. The common control
responses are trip commands to the circuit breaker, issuing alarms indications to the

power system operator and in some cases closing commands to the circuit breaker.

In the old days, electromechanical relays are used in the protective systems. They

consist of moving parts which operates on the electromagnetic forces due to the currents
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and voltages. Because of the presence of moving mechanism, these relays are inaccurate
in terms of both the operating quantity and the operating time. They are used for only one
function. Then Solid state relays that use digital and analog circuitry came into the
picture which can be used for multiple protection functions. But these relays cannot be
re-programmed with changes in the network parameters and hence they are not flexible.
With the advent of the microprocessor technology, the modern relays are the numerical in
nature which consists of the analog to digital converters and the relay logic is
implemented in the microprocessor. These are flexible and can be used for multiple

protective functions.

The main characteristics of a protective relay are the speed, selectivity, sensitivity and
the reliability. Speed is the ability of the relay to react quickly to the system abnormalities
there by to minimize the system damage. Selectivity refers to the accurate identification
of the abnormal zone and isolate so that the major portion of the system is intact.
Sensitivity is the ability of the relay to detect the fault or abnormal condition very
accurately. Faults are the rare events in the power system. A reliable protective relay
should be operational for long time without acting, and in case of fault it should operate

properly and appropriately.

There are different kinds of protection schemes implemented for different equipment
in the power network. They are namely distance protection, differential protection,
overcurrent, earth fault protection, over/under voltage protection, over/under frequency
protection and out-of-step protection. When a fault occurs on a piece of equipment of a

system, it is essential that it is detected by the associated protection relays and eliminated
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via the opening of the circuit breakers under the relay supervision [1]. Following a fault,
the electric power output of the generators varies while the mechanical input to the
generators remains practically constant, inducing a change in the generator speed and
thereby, a change in the frequency of the system. The effect of this frequency change
depends on the fault duration and the clearing time [2]. The fault clearing time is the sum
of the fault detection time, the signal transmission time and the time required by the

circuit breakers to open.

Relays that are used in transmission line protection are of primary interest in this
research work. These relays are used to clear the faults by controlling the opening and
closing of circuit breakers when a fault occurs in the line. It is very essential that the
relaying schemes employed is able to discriminate between normal loading conditions,
swing conditions, out-of-step conditions and fault conditions [17], [18]. Tripping during
stable power swings and faults due to improper functioning of relays may eventually lead
to a total system collapse. Out-of-step relaying has been installed to perform tripping and
blocking operations when out-of-step conditions are detected in the system. In the next
sections, we discuss various types of distance relays, out-of-step schemes and their usage

in performing blocking and tripping operations.

2.2. Distance Relays
Distance relays are the most effective and feasible protection scheme for transmission
line protection compared to current actuated over current protection. The over current
relays are principally depend on only one actuating quantity which is current. Parameters

like line resistance, source impedance, type of fault, fault location affect the fault current
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in the transmission line. This leads to unsatisfactory performance of the over current

relay.

The basic principle of distance protection is to measure the impedance of the line
using the current and voltage measurements available at relaying point and compare it
with the predetermined impedance reach. If measured impedance is less than the reach
impedance the relay senses a fault and give the trip command appropriately. Careful
selection of the reach settings and tripping times for various zones of measurement
enables correct co-ordination between distance relays on a power system. Basic distance
protection comprise instantaneous directional zone 1 and one or more time delayed
zones. The performance of a distance protection relay is based on the reach sensitivity

and the operating time.

In current use, popular distance relays are impedance relays, reactance relays, mho
relays. The characteristic of a distance relay is well understood by plotting positive
sequence impedance (Z1) on the R-X plane. The relay operation takes place when the
measured impedance falls within the relay characteristics, which depend on the parameter
to which the distance relay is set to respond to. It is circular for impedance relays and
horizontal for reactance relays. The flowing sub sections describe the operation principles

of the three types of distance relays.

2.2.1. Impedance Relays:
In an impedance relay the operating torque is produced by current and restraining
torque is produced by voltage. In other words, an impedance relay is voltage restrained

over current relay. The torque equation is:
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T =KI? —K,V? — K, (2.1)

Where | and V are rms magnitudes of current and voltage and K3 is control spring effect.

We let K3 zero and at the verge of operating, net torque is zero.

Yo z= 5 constant 2.2
T=%= Kz—consan (2.2)

Figure 2.2 depicts the tripping characteristic of a simple impedance relay in RX plane. By
default impedance is not directional but can be made directional by including directional

element.

A Restraining
X .
Region

Operating 7
Region

A
\4

FIGURE 2.1: Impedance relay Characteristics

2.2.2. Mho Relays:
In Mho relay, the operating torque is produced by the volt-amperes element and the

restraining torque is produced by voltage element. In other words, mho relay is voltage
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controlled directional relay. Figure 2.3 shows characteristics of mho relay. The torque

equation is
T =K,VIcos(8 — 1) — K,V? — K, (2.3)

Where | and V are rms magnitudes of current and voltage, 6 is angle between | and V and

1 is the angle of maximum torque.

At the verge of operating,

Y 7= Boso 2.4
T = —chos( T) (2.4)
A
X
Restraining
Region
ZR=K1/K2
Operating
Region
R

FIGURE 2.2: Mho relay characteristics
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2.2.3. Reactance Relays:

In Mho relay, the operating torque is produced by the current element and the
restraining torque is produced by current and voltage of the directional element. In other
words, reactance relay is an over current relay with directional restraint. The directional
element is so designed to give maximum torque angle of 90 degrees. Figure shows

characteristics of reactance relay. The torque equation is

T = Ky 1> K,VIsind — K, (2.5)

Where | and V are rms magnitudes of current and voltage, 0 is angle between I and V.

At the verge of operating,

Ky
TSinH = 7sinf = X = — = constant (2.6)
2
A
Restraining X
Region
Operating

/ Characteristic

Operating
Region

A
v

FIGURE 2.3: Reactance relay characteristics
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2.2.4. Choice between Impedance, Mho and Reactance relays
Mho relays are best suited for phase fault detection in long transmission lines,

especially where the severe switching surges may occur. These relays are the most
selective of all the three types. In other words, when mho relay is adjusted to protect any
given line, its operating characteristic occupy very less space in R-X plane, which means
it will be least affected by abnormal conditions in the system other than the line faults.
Operation of mho relays is affected by the arc resistance therefore they are suitable for
long transmission lines. One more advantage of mho relay is that it inherently contains

directionality, hence separate directional element is not needed [45].

The Reactance relays are best suited for ground fault detection because their
operation is unaffected by the fault resistance. The ground faults involve variable arc
resistance. The Impedance relay is better suited for moderate transmission lines. Arc
resistance affect the impedance relay more than reactance type relay but less than the
mho relay. Switching surges affect the impedance relay more than mho relay and less
than the reactance type relay. The impedance relay is inherently non-directional and
separate element is required to make it directional. The next section discuss about the
zone adjustments in transmission line distance protection in microprocessor based

numerical relays using mho characteristics.

2.2.5. Zones in Distance Protection
Numerical distance relays have a reach setting up to 80% of the protected line
impedance for instantaneous zone 1 protection. The remaining 20% is safety margin and

it ensures that there is no zone 1 over reaching the line due to errors in current and
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voltage transformers and errors in the settings and relay measurements. Reach setting of
zone 2 protection should cover 120% of the protected line impedance. It is common
practice to set the zone 2 reach to be equal to the protected line + 50% of the adjacent
shortest line. This ensures that the resulting zone2 reach does not extend beyond the zone
1 of the adjacent line protection. Zone 2 tripping is time delayed to ensure grading with
the primary relaying applied to the adjacent circuits. Zone 3 reach should be set to at least
1.2 times the impedance presented to the relay for a fault at the remote end of the second
line section. It should be time delayed to cover the zone 2 operating time plus circuit
breaker tripping time. In modern digital or numerical relays zone 4 may be used as back
up protection for local bus bar, by applying a reverse reach setting of the order of 25% of

the zone 1 reach.

I
|- T T T T T T T T T T T T T T T T o T T - ZONE 3 |
ZONE 2 |
————————————7 | I
ZONE1 I |
| I
| r | !
RELAY 1 | RELAY 2 | |
| |
_____________ |
SUB-STAT[ON A SUB-STATION B | SUB-STATION C
pe———————————————— |
. - - I
Operating ‘
Time |

FIGURE 2.4: Zones of distance protection



20
2.3. Out-of-Step Protection

Power systems under steady state conditions operate very close to the nominal
frequency and maintain the all bus voltages in between 0.95 to 1.05 per unit. A balance is
established between generated and consumed active and reactive power and the system
frequency normally varies less than +/- 0.02Hz. Any change in generation, load demand
or the transmission network causes the change in power flow across the system until new
equilibrium is reached. These changes occur continuously and are compensated by
control systems. So they normally don’t have any detrimental effect on the power grid or

its protective systems.

Severe faults, switching of heavily loaded transmission lines or loss of excitation in
large synchronous machines result in sudden changes to electrical power, whereas the
mechanical power input to the generator remains constant. These disturbances cause
oscillations in machine rotor angles and can result in severe power flow swings. This
situation is called out-of-step (OOS) conditions. Large power swings can cause unwanted
relay operations at different network locations, which can add up the severity and cause

major outages and black outs.

During a system power swing event, a distance relay may detect the power swing as a
phase fault if the positive sequence impedance locus enters into the operating
characteristic of the relay. Let us take a look at the impedance measured by a distance

relay during out-of-step condition.
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BUS A IL BUS B
E—
ZS ZL ZR
VA issi VB
ES Transmission ER

Line

FIGURE 2.5: Two source equivalent power system

Considering a two machine system as shown in figure 2.5, the current IL at bus A is
computed as

ES — ER

L= 7L+ 7R

(2.6)

Where ZS is the equivalent source impedance, ZL is the line impedance and ZR is the
equivalent impedance on the receiving end of the line.

The positive sequence impedance measured by the relay at bus A can be written as

1_VA_ES—IL*ZS_ES*(ZS+ZL+ZR)
CIL IL N ES — ER

Zs  (2.7)
Let us assume the phase difference between ES and ER is 6 and the ratio of the two

source voltage magnitudes is k.

ES  k[(k —cosb) — jsind]
ES —ER ~ (k — c0s6)? + (sind)?

(2.8)

If the two source voltage magnitudes are equal then k=1 then above equation can be

expressed as
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ES 1 1 t(6> 29
ES—ER 2\ J°\2 (29)

Finally the impedance measured by the relay will be

VA (ZS+ZL + ZR) , 6
Z1 = = > 1—jcot (5) A (2.10)

The trajectory of the measured impedance at the relay during a power swing when angle
between the two source voltages varies, is shown in the figure 2.6. This trajectory is a
straight line that intersect the line segment AB at middle point. This point is called
electrical center of the swing. The angle between the two segments that connect P to
points A and B is equal to the angle 6. When the angle is 180 degrees, the impedance is

precisely at the location of electrical center.
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FIGURE 2.6: Impedance trajectory at the relay location during power swing.

From equation 2.7 the rate of change of positive sequence impedance can be expressed as

az1 i(ZS + ZL + ZR) P
= — k - * —
J (1—e %2 dt

o (2.11)

Where %the time derivative of positive sequence impedance is measured by the relay

and Z—f is the slip frequency .
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(ZS+ZL + ZR) = ZT (2.12)

Using the trigonometric identity:
_is (8
|1—e/ |=25m(§> (2.13)

The rate of change of Z1 impedance is finally expressed as:

le|_ |ZT| ol -
dt - w ( * )

4 sin? (g)

Equation 2.14 expresses the fact that the rate of change of positive sequence
impedance depends upon the source, line impedances and the slip frequency which in
turn depends on the severity of the perturbation. As a consequence, any method that uses
the Z1 impedance displacement speed complex R-X plane can be used to detect the
power swing. It should be noted that, in reality, the two source magnitudes ES and ER are
neither equal in magnitude and nor constant. So the locus of Z1 impedance will switch

from one circle to other depending upon the instantaneous magnitude ratio [12].

The distance protection relays shouldn’t trip unintentionally during dynamic system
conditions such as stable or unstable power swings, and allow the power system to return
to the stable operating condition. Power swing block (PSB) is available in numerical
distance relays to prevent unwanted operation during power swings. It differentiate
between faults and the power swings and block the distance elements during power
swing. However, faults that occur during power swings should be detected and cleared

with high degree of selectivity and dependability.
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Unstable and large power swings cause separation of rotor angles between groups of

generators and eventual loss of synchronism. This situation is called out of step
condition. Uncontrolled tripping in these conditions may cause cascaded outages and
black outs. Therefore controlled tripping of certain power system elements is necessary to
prevents major outages and blackouts. This purpose can be achieved by Out of step trip
(OST) function in distance relays. The main task of OST function is to differentiate
between stable and unstable power swings and initiate the system separation at
predetermined network locations in order to maintain power system stability and

reliability. The following subsection discuss about the power swing detection schemes.

2.3.1. Power Swing Detection Methods:

a) Conventional rate of change of impedance [11]:

During normal system operating conditions, the measured impedance is the load
impedance and its locus is far away from relay characteristics [11]. When a fault occurs
the impedance point moves immediately into the relay operating characteristics whereas
during power swing impedance point moves slowly on the impedance plane. The rate of
change of impedance is measured by determining the elapsed time required by the
impedance vector to pass through a zone limited by two additional concentric impedance

characteristics.

The inner concentric zone setting should be larger than the largest tripping
characteristic. The advantage is that the detection of power swing can be done before the
impedance locus enters into the operating characteristic. The main settings in this method

are the delta impedance and the timer. Extensive stability studies required to find the
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correct settings. The disadvantage is that the outer zone limits the maximum load carried

by the transmission line. This is called load encroachment.

b) Blinder schemes [16] [17]:

Dual blinder scheme:

The two blinder scheme works on the same principle as the concentric
characteristics scheme. The timer starts when the impedance vector crosses the outer
blinder and stops when the inner blinder is crossed. If the measured time is greater than
the delta time setting then power swing is detected. All the distance elements will be
blocked. If an unstable power swing is detected, the mho element may be allowed to trip

immediately or trip may be delayed until the swing passes through.

The advantage of this method is the power swing detection settings are independent
of distance protection settings. However, finding the correct settings needs extensive

stability studies.

Single blinder scheme:

A single blinder scheme uses only one set of blinder characteristics. In addition
with an auxiliary logic it can be used for out of step trip function. However, it cannot
distinguish between a fault and OOS condition until the fault has passed through second
blinder in given time. This scheme can be used to prevent the automatic reclosing for a
detected unstable power swing. The basic advantage of this scheme is the usage for load

encroachment.
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¢) R- Rdot scheme [3, 14]:

To prevent severe voltage dips in the power system with uncontrolled loss of loads,
out-of-step tripping initiation on major EHV interconnections is required before voltage
at electrical center reaches a minimum value. This can be achieved by using the control

algorithms that depend on rate of change of apparent resistance. The algorithms are

Conventional OST relay: Y1 =(R—R1) <0 (2.3)
R-dot relay: Y2=(R—-R1)+T1.<0 (2.4)

Where Y1 and Y2 are control outputs, R is apparent resistance measured by the relay

and R1, T1 are relay settings.
d) Continuous impedance calculation [11]:

This method determines the power swing based on the continuous impedance
calculation. For example, for each 3ms time step an impedance calculation is performed
and compared with the impedance of previous step. If there is a deviation an out of step
situation is assumed. The next step impedance is predicted base on the previous two
values. If the prediction is correct, ten power swing is detected. There is no need for delta
time and delta impedance settings in this method. However, if the changing impedance

vector is faster than the relay processing speed the detection may be unsuccessful.
e) Swing center voltage and its rate of change [11]:

Swing center voltage (SCV) is defined as the voltage at the location of a two source

equivalent system where the voltage value is zero when the angles between the two
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sources are 180 degrees apart. When a two source system loses stability, the angle
difference between the sources will increase as a function of time. The SCV can be

expressed using the local available quantities as
SCV =~ |V;|.cose (2.5)

Where |Vs| is the magnitude of locally measured voltage, and ¢ is the angle difference

between the Vs and local current. This can be expressed as

6
SCV = El.cos (E) (2.6)

Where E1 is the positive sequence source voltage magnitude equal to ES, ER and & is
the phase angle difference between the two sources. The absolute value of SCV is
maximum when § is zero and this value will be minimum if § is 180 degrees. Therefor
by looking at the rate of change of swing center voltage, the power swing situation can be

detected.

dt = —75111 E (27)

d(scv)  E1 (5> ds
2

The main advantage of SCV method is that SCV is independent of the system source
and line impedances, whereas all other quantities such as the resistance, real power and
their rates of change depend on the system source impedances and other system

parameters.
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f) Synchrophasor based out of step relaying

With the advent of synchronized phase angle measurement also called as
synchrophasor, the measurement of the phase angle of the bus voltages at different
locations can be obtained in real time and these can be used to create a protection
algorithm that detects power swings, instability conditions and also the remedial action

schemes such as network separation and load shedding.

2.4. Real Time Transient Stability Assessment
This section presents a brief literature review on the real-time transient stability
assessment (TSA) methodologies. More details on the fundamentals of power system
transient stability can be found in [1]. The critical challenge in online transient stability
assessment is the requirement for real-time operation with fast and precise calculations,
without reducing the complexity and the dimensionality of the power system component
models. Several approaches have been proposed in this direction to deal with this

problem efficiently without compromising the accuracy of results.

The simplest method for stability analysis is known as equal area criterion. This
method is based on graphical interpretation of energy stored in the rotating part as an aid
to determine the machine’s stability after a disturbance. This method is only applicable to
one machine connected to infinite bus or a two machine system. For multi machine
systems, the most commonly used tool for transient stability analysis is time domain
dynamic simulations. All the power system components are modeled as a set of non-
linear algebraic-differential equations and are solved using numerical integration

methods. This method has a major advantage in terms of the accuracy of the results since
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very detailed dynamic models can be used without simplifications. However, the major
disadvantage is that it requires a lot of time and huge computational effort, which makes
it unsuitable for the online applications. This method is used mainly for offline transient
stability studies. Another disadvantage is that this method does not provide any control

actions that could prevent power system instability.

The widely used approach for online transient stability analysis is direct methods. A
direct method for transient stability analysis is defined as a method that is able to
determine stability without completely integrating the differential equations that describe
the system. The major advantage is that the computational effort is greatly reduced
compared to the time domain simulations and can be suitable for online real-time
applications. Moreover, they can provide stability regions around an operating point and
enable sensitivity analysis [46]. Among the direct methods, Lyapunov’s based direct
method for stability analysis is mostly used. In this method, a Lyupanov-type function
called transient energy function (TEF) is used in order to compute the region of stability
around the post disturbance equilibrium point of the system. The assessment of stability
of equilibrium point via the calculation of critical clearing times and critical energies is
done by determining boundary of the region of stability. The challenge and the
disadvantage of this method is the difficulty in determining the suitable Lyupanov
function. Several different types of functions are proposed in the literature, either
simplified or complex. The Lyupanov function should be a system level function that
represents energy of the whole system. As a result, the inaccuracy in the existing power
system component models is a barrier to the construction of an accurate Lyupanov

function. The other challenge is that the energy function has to be constructed for the post
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disturbance system configuration. This means that the post fault system has to be
identified using the time-domain approaches. This task is highly challenging in larger
systems, given the time limitations within which the computations have to be performed.
The energy function based direct methods are applicable for only the first swing transient
stability analysis. Moreover, the application of TEF methods also involves the simulation
of the system in time domain for at least the fault period, so combinations of TEF
methods with time domain analysis are commonly encountered in the literature. The
computationally intensive part of the TEF methods is the calculation of the post-fault
system equilibrium points. However, despite of the disadvantages, the direct methods are
far more efficient and suitable for real time applications compared to the time domain
analysis. The selection of the transient energy function and the background theory is

detailed in chapter 4.

2.5. Summary
In this chapter, the overview about the power system protection and three different types
of distance relays namely impedance relays, mho relays and reactance relays were
described. The merits and demerits and possible applications of these relays were
discussed. The identification of protective zones in numerical distance relays including

the reach and time settings, was shown.

Further, the need for detection of power swing was explained and the relation
between the rate of change of angular difference and the rate of change of positive
sequence impedance measured by the relay, was established. Various types of power

swing detection schemes were presented, in which the most popular scheme is the dual
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blinder based detection scheme. Also, an overview of the real time transient stability
assessment using direct methods is presented. The basic advantages and disadvantages
are discussed. A more detailed discussion can be found in chapter-5. The following
chapter discusses about the implementation of distance and out-of-step protection in

SEL-421 relay and simulation using real time digital simulator (RTDS).



CHAPTER 3 : DESIGN AND IMPLEMENTATION METHODOLOGY FOR
DISTANCE AND OUT-OF-STEP PROTECTION

This chapter presents the methodology of out-of-step protection scheme using dual
blinder characteristic and using synchrophasor measurements. The dual blinder scheme is
implemented in SEL-421 numerical protection relay and the synchrophasor based scheme
is implemented in Real Time Digital Simulator. The test system used to compare these
methods, is Kundur two area system and it is built in RTDS and validated using MATLAB
Power System Analysis Toolbox (PSAT). The trip signal feedback from SEL-421 relay to
RTDS is done by GOOSE communication and corresponding methodology is briefly
discussed in section 3.3.1. This hardware in the loop setup is validated by performance
comparison between RTDS in built distance protection component and SEL-421 distance
function. We will start with general design and implementation methodology of out-of-
step protection scheme.

3.1. Implementation Methodology

BUS A IL BUS B

—
<: ) ZS ZL ZR
| | CT
Transmission
PT 'T\ Line

RELAY A

FIGURE 3.1: Two source equivalent of a power system with protection relay
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Consider a two source equivalent of a power system as shown in figure 4.1. Relay A is
the distance relay located at sending end of the transmission line. ZL is the positive
sequence impedance of the line and ZS is the equivalent positive sequence impedance
before the sending end of the line. ZR is the equivalent positive sequence impedance after
the receiving end of the line. To implement the out-of-step protection scheme in Relay A,

the distance protection zone reaches should be calculated.

Distance protection settings for Relay A:

Zone 1 Reach Z1MP =80%of ZL =0.8*ZL (3.1)

Zone 2 Reach Z2MP = 120% of ZL = 1.2+ ZL (3.2)

3.1.1. Out-of-step Protection using Dual Blinder Characteristic:

Dual blinder scheme is the most common method in distance relays to detect power
swings. In SEL-421 relay, this method uses two resistive blinders at each side of the relay
distance zones, Resistive left Outer and inner blinders (RLO, RLI) and resistive right
outer and inner blinders (RRO, RRI). The implementation requires two timers, namely,

out-of-step blocking delay (OSBD) and out-of-step tripping delay (OSTD).
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FIGURE 3.2: Out-of-step dual blinder characteristics

The inner resistive blinder must be placed outside the largest distance protection
characteristic (zone) that is to be blocked. In addition, the outer resistive blinder must be
place away from the load region to prevent PSB operation caused by heavy loads in the
system. The timer starts when the impedance vector crosses the outer blinder and stops
when the inner blinder is crossed. If the measured time is greater than the delta time

setting then power swing is detected.

The above requirements are difficult to achieve in some application systems,
depending on the relative line and source impedance magnitudes. If the line impedance is
larger than the system impedance, the swing locus could enter zone2 and zonel before

the phase angle difference of voltage reaches 120 degrees that is even during the stable
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power swing. It may be difficult to set the inner and outer blinders in this case. If the line
is heavily loaded, the necessary PSB settings are so large that the load impedance may
cause incorrect blocking. To overcome this problem, traditionally two methods are used.
One is using lenticular distance characteristics and the other is using blinders that restricts
the tripping area of mho elements. In modern numerical protection relays, there is load

encroachment feature to deal with loading issues.

The blinder settings and the timer settings are not trivial to calculate and depending
upon the system, it is necessary to run extensive stability studies to determine the fastest
power swing and proper blinder resistance settings. The source impedances also vary
constantly according to the network changes such as addition of generation, load
shedding. Generally, very detailed system stability studies are necessary to consider all
contingencies in determining the equivalent source impedance to set the power swing

blocking function.

Calculations for blinder settings [44]:

Inner resistance blinder:

R1R6 = 1.2 ZzMP 3.3
= AR S .
2 * sin(Z1ANG) (33)

Outer resistance blinder:

Let Maximum load current be IL(max) and corresponding line-neutral voltage beV, .

VLN
IL(max)

Minimum load impedance ZL,,;, =

R1R7 = 0.9 % ZLpy, * cos(45 + (90 — Z1ANG))  (3.4)
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Inner reactance blinder:

X1T6 = 1.2 x Z2MP  (3.5)

Outer reactance blinder:

X1T7 = X1T6 + (R1R7 — R1R6)  (3.6)

OST DELAY:

Total transfer impedance ZT = Z1S + Z1R + Z1L

ZT
2
= 3.7
AngR6 = 2 x atan R1RG (3.7)
ZT
_ 2
AngR7 = 2 x atan RiR7 (3.8)
Let the fastest unstable swing frequency be fg;,.
AngR6 — AngR7) *

360 * fqp

3.1.2. Out-of-step Protection using Synchrophasors
Synchrophasors, or synchronized phasor measurements, defined as the
representation of power system voltage and current vector to an absolute time reference.

This reference is provided in the form of a common timing signal by high-accuracy
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clocks synchronized to coordinated universal time (UTC) such as global positioning

system (GPS).

AREA A BUS A BUS B AREAB
zs | zZL | zr
Tranmission @
Line
RELAY A RELAY B
(PMUA) (PMUB)
WAN

Communication

Synchrophasor
Vector
Processor

FIGURE 3.3: Two source equivalent of power system with PMUs

In a two area power system, the electrical center is a point that corresponds to the half of
the total impedance between the two sources. The proposed algorithm requires that the
electrical center is between the two relays that acquire the synchrophasor measurements.
It uses the voltage synchrophasors from the buses at both ends of the line to calculate the
angle difference (5, ) between these voltages. The rate of change of &, is defined as slip
frequency (Sy) given by equation 3.11 and the change of slip frequency with respect time

is defined as the acceleration frequency (4, ) and is given by equation 3.12,
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5, = Angle(VFMU4) — Angle(VPMUB)  (3.10)

Ok — Ok

S =Xkl (317)
; by — -1
S, — S _

A, =XK1 (3.12)
e — tg—1

Where
Angle(VEMUA) : Positive sequence voltage angle measured by PMUA at kth instant.

Angle(VEMUB) : Positive sequence voltage angle measured by PMUB at kth instant.

Sk - slip frequency at kth processing instant.
Ay : Angle acceleration at kth processing instant.
te — k1 : Processing interval.

Figure 3.5 depicts the characteristic of out-of-step element that defines the region of
stable operation. The slip frequency and acceleration are used to identify the unstable

power swing conditions. The flow chart for the algorithm is shown in figure 3.4.
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FIGURE 3.4: Synchrophasor based out-of-step detection flow-chart.
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3.2. Description of Kundur Two Area System
Kundur two area system is most suitable test system for the study of out-of-step
protection because it consists of two areas which are connected by two weak tie lines.
The electrical center of the system lies on the tie line. If a fault occurs on one of the tie-
lines, the power swing will be created with swing center on the second tie-line. The out-

of-step relay is implemented on this second tie line to observe the system stability.

The test system contains four generators in two symmetrical areas connected by
two tie lines. Area 1 has the load of 967MW and generation of 1400MW. Area 2 has a
load of 176 7MW and generation of 1463MW. Each tie line is carrying approximately

200MW. The one line diagram is shown figure 3.6.

Tie Line-2

1 5 6 7 9 10 11 3
GEN1 220 km GEN3

25 km 10 km 10 km 25 km @_

‘L Tie Line-1 ‘L |
Loadl Load2
PL=967TMW PL=1767TMW
— QL=100MVAR QL=250MVAR )
2
GEN2 GEN4

FIGURE 3.6: Kundur two area system one-line diagram

The system is simulated in real time digital simulator (RTDS RSCAD version :
4.006.2). The power flow study is done and the results are tabulated in table 3.1. To

validate the results, the same test system is simulated in PSAT. The load flow results are
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shown in table 3.2. The voltage profile comparison between the two software is shown in

figure 3.7. The results of RTDS are close to the results of PSAT.

Table 3.1: RTDS load flow results of Kundur two area system

Bus | Voltage Angle Pgen Qgen Pload Qload
No. (p.u) (deg) (MW) | (MVAR) | (MW) | (MVAR)

1 1.00 28.42323 700 165.8954 0 0

2 1.00 17.9484 700 298.4364 0 0

3 1.00 0 723.5095 | 158.1786 0 0

4 1.00 -11.0357 700 264.9216 0 0

5 0.97932 | 51.57996 0 0 0 0

6 0.95739 | 40.94757 0 0 0 0

7 0.93785 | 32.16020 0 0 967 100

8 0.91653 | 17.57083 0 0 0 0

9 0.94882 | 3.19324 0 0 1767 250
10 0.96293 | 12.00442 0 0 0 0
11 0.98107 | 22.93845 0 0 0 0

Table 3.2: PSAT load flow results of kundur two area system

Bus Voltage Angle Pgen Qgen Pload Qload
No. (p.u) (deg) (MW) | (MVAR) | (MW) | (MVAR)

1 1.00 27.8522 700 154.8148 | 0 0

2 1.00 17.4123 700 273.5515 | 0 0

3 1.00 0 722.2486 | 146.5128 | 0 0




FIGURE 3.7: Kundur two area system voltage profile from PSAT and RTDS load flows

4 1.00 -10.965 700 239.4671 | 0 0
5 0.98116 | 21.0232 0 0 0 0
6 0.96151 | 10.443 0 0 0 0
7 0.99497 | 1.7411 0 0 967 100
8 0.93142 | -12.5803 |0 0 0 0
9 0.95604 | -26.6104 |0 0 1767 250
10 0.96715 |-17.8934 |0 0 0 0
11 0.98298 | -7.034 0 0 0 0
Voltage Profile Comparison
— PSAT
== RTDS
1.1 1
[<5]
S
= 1 .
o
S \/\/‘-‘/
~~~~~¢’
0.9~ ]
0.8 r r r r r
2 4 6 8 10
Bus Number

43



44
3.3. Real Time Test Platform

A real-time test platform is developed in the Duke Energy Smart Grid Laboratory
within the Energy Production and Infrastructure Center (EPIC). The real-time platform is
suitable for the design, testing, and validation of protective relays and wide area
controllers. IEEE Standard C37.118 Synchrophasor communication protocol and IEC
61850 Generic Object Oriented Substation Event (GOOSE) protocols are implemented
for wide-area communications. Figure 3.8 shows the test platform which consists of Real
Time Digital Simulator (RTDS), multiple PMUs, a protocol gateway, and a MATLAB
based controller. Since the platform allows one to use actual hardware for measurement,
communications, protection, and control, it allows for the connection of all necessary
external hardware. The simulations performed here are expected to be helpful in any
state-of-the-art Smart Grid laboratory.

Test System

Simulated in
Rack 2 of RTDS

- Feedback
| Signals
(GOOSE)

i
= -
SEL421
. Relay
!

FIGURE 3.8: Real Time Test Platform
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3.3.1. Implementation of Distance Protection
In the test system shown in figure 3.6, the distance protection is implemented on

the tie line 1. The parameters of the transmission line are shown in the table 3.3.

Table 3.3: Line Parameters in Kundur two area system

Parameter Value
Line length (km) 220
Positive sequence resistance 0.0001 p.u (0.0529 ohms/km)
Zero sequence resistance (p.u.) 0.0003 p.u (0.1587 ohm/km)
Positive sequence reactance (p.u.) 0.001 p.u. (0.529 ohms/km)
Zero sequence reactance (p.u.) 0.003 p.u (1.587 ohms/km)
Positive sequence impedance 116.96 /_84.29° ohms
Zero sequence impedance 350.88/_84.29° ohms

Based on the line parameters, the zone reach settings are calculated.

Z1MP = 0.8 116.96 = 93.568 ohms

Z2MP = 1.2 ¥ 116.96 = 140.352 ohms

3.3.2. Hardware-in-the-Loop Setup with SEL- 421
In order to implement the distance protection using SEL 421 numerical relay we need
to connect it to RTDS so that the currents and voltages of the line to be fed. This is done
through GTAO card which interfaces the analog signal from the RTDS to the external
devices. The GTAO card, shown in figure 4.8, consists of twelve 16bit analog output

channels with an output range of +/- 10V. The primary values of line currents and
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voltages are converted to the secondary values using CT and PT and given to GTAO

card.

In SEL 421 relay the low level test interface connections are used for analog inputs.
RTDS secondary values of voltage and current are scaled down in GTAO card and
applied to this low level test interface. In SEL relay there are predefined scaling factors to
scale up the input analog signals and by using proper CT and PT ratios in the relay the

metering quantities are verified.

The trip commands and feedback signals from the relay are interfaced to RTDS by
using GOOSE communication. To establish GOOSE, on RTDS side GTNET-GSE card is
configured, which is used to interface a number of different network protocols with
RTDS simulator. The GTNET card supports IEC-61850 GOOSE/GSSE, IEC-61850-9-
2(sampled values), DNP3, PLAYBACK, IEEE C37.118 data stream output protocols.
The configuration is shown in the figure 3.9. The feedback signals from the external
device is to be mapped to the corresponding inputs of the GTNET card. This mapping is
done in .SCD file, stands for substation configuration description file and is configured

using AcSELerator Architect software.
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rtds_risc_ctl_GTAQOQUT

OWVERSAMPLING FACTORS r SIGNAL ALIGNMENT DELAY OFTION

BTAN [ D/A OUTPUT SCALING I PROJECTION ADWANCE FACTORS
9‘? FOR GTAD & CONFIGURATION r EMNABLE DVA OUTPUT CHAMNMELS
BL 247
2
BL ?ﬁ Marme Description Walue Unit fdin Mz
3 | Chnl 1 Peak value for & Vaolts DA out: 375 units -1.0e6 1eb
L ?Cﬁ scl2 Chnl 2 Peak value for 5 Volts DUA out: 375 units -1.0e6 1eb
56l Chnl 3 FPeak value for 5 Volts DA out: 375 units -1.0e6 1eb
scld Chnl 4 Feak value for 5 Volts DA out: 375 units -1.0e6 1e6
scla Chnl & Feak value for 5 Volts DA out: 375 units -1.0e6 1e6
sclB Chnl B Peak value for & Vaolts DA out: 375 units -1.0e6 1eb
7 scl? Chnl ¥ Peak value for & Volts DUA out: 7al units -1.0e6 1eb
" 3,\_) SCl8 Chnl 8 Peak value for 3 Volts DiA out: 7a0 units -1.0e6 1e6
5; scld Chnl 9 Feak value for 5 Volts DA out: 7al units -1.0e6 1eb
v 999 scli Chnl 10 Peak value for 5 Wolts DiA out: 375 units -1.0e6 186
N Sc_) sel11 Chnl 11 Peak value for & Wolts DrA out: 375 units -1.0e6 1e6
scl12 Chnl 12 Peak value far & Wolts DfA out: 375 units -1.0e6 1eb
oUTRUT T | Update | | Cancel || Cancel All |
L 12 Channel GTAQ
FIGURE 3.9: RTDS — GTAO card configuration and scaling
T &
1
? GTNET Card # 1 BININ
sro ‘F:;E': o1 “rtds_GTNET_GSE_v2.def
SOL fileKNDRTH.scd F GOOSE Binary Input 1-32 Signal Mames | GOOSE Analog Input 1-8 Signal Mames |
Umugﬁ a1 CONFIGURATION r GOOSE Configuration |/ GOOSE Binary Output 1-32 Signal Names
ASSIGN ——
ppoONTROLS Binary E__E | Marne Description Valug Unit Win Max
1o GRCIPES 34 anatag 1] |F'0n GTIO Fiber Port Mumber i 1 8
ST lcard GTMET_GSE Card Number 1 1 F]
nrtvn Type of Processor Card GPCPB5 - 2 2
atnethype GTHET Type GTNET - o 1
Trans Communication protocol GOOSE - 1] 1
IECver |EC 61850 Standard;  Edition 1] 1
([[Proc assigned Controls Processor 4+ 1 54
|F‘ri Priority Level 2 1 Qa9
Update H Cancel || Cancel All

FIGURE 3.10: RTDS — GTNET card configuration
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In the Project Editor, the correct version relay is imported and the GOOSE
transmit dataset is changed as per the required feedback signals. These settings are
downloaded into the relay and also the saved as .SCD file. This file is imported in RTDS

GTNET card, and the corresponding signals are mapped as shown in the figure 3.11.

|:| SCD Editor 4,005 Lifilernan\9BUSWKNDRTH. scd
File Edit View Validation

Input SVl ExtRef | :
B GTHET= Bk
Bl <IED name="TEEES" desc="RT0S 61850 GOOSE/GSSE interface™ type="Generic IED" manufacturer="RTDS Technologies™ config¥ersion="2.1"7> |
Birary Input 01 (bt 00) to GTHET 421KUNDUR PRO OSTRPSE Op genersl @l
Binary Inut 02 (ot 01) ta GTHET 421KUNDUR PRO OSE1RPSE2 Str genersl o
Binary Input 03 (ot 02) ta GTHET 421KUNDUR PRO OSB2RPSE3 Str general o
Birary Input 04 (ot 03) to GTHET 421KUNDUR PRO OSE3RPEBA Str geners] g
Birary Input 05 (bt 04) ta GTHET 421KUNDUR PRO OSBARPSES Str genersl o
Binary Input 0 (ot 05) ta GTHET 421KUNDUR PRO OSESRPSEE Str genersl o
Birary Input 07 (ot 08) to GTHET o
Birary Input 08 (ot 07) ta GTHET g
Firiars Ineut 019 fst OF) b GTHET =l

e @R
A 3
glnlztl:.'pref\x|lnclass|lnlnst.doName claa... | bType | B Edit IED: 42 1KUNDUR
5 | b
o § E urit value
DataSets/GSEControl For IEEEY (GTHET)... = Parameters For 421KUNDUR
GOOSE_outputs/GOOSE_outputs_co... :
|ED Mame 421 KUNDUR
[ DataSets/GSEControl For 4221KUNDUR = D... Prei
retix
& DSet15/GooseD5et15
Subhletwork Name Wi
ANN N GGIO14 Ind01 stval.. BOOLEAN |_| || peeti5iGooseDSetis
AN N GGIO1 4 Indl g [ST] Guaslity : VLAD hex (0-FFF) i
AMRLIRA GGI01 4 Ind02 atval. BOOLEAR WLANFRIORITY int (07) 4
AN GGIO1 4 Ind02 g [ST] Guaslity MAC- Addrass e CELT 00 5
AMM PLTGGIOZ Ind01 stval . BOOLEAR APFD hex [0-3FFF) 1013
ANMPLTGEIO? N0 5 [ST] Guaslity MaocTime msec (1000-30000) 1000
AMM PLTGGIOZ Ind02 stval . BOOLEAR .
confRey int 1
ANN PLTGGIOZ Ind02 o [ST] Qualty GolD (appiD) char (011 long)  Sub1Bayl
AMM PLTGGIOZ Ind03 . 2tval . BOOLEAR
ANMPLTGEIO? Ind03.q [ST] Guaslity
AMM PLTGGIOZ Ind04 stval . BOOLEAR

FIGURE 3.11: RTDS — GTNET SCD file digital signal mapping

The performance of SEL-421 relay including the GOOSE communication is verified by
implementing the distance protection scheme using RTDS in built distance protection

component (21), which is shown in figure 3.12.
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FIGURE 3.12: RTDS component of distance protection (21 element)

3.3.3. Case Studies
Different types of fault scenarios are simulated on the tie line 1 in the system
shown in figure 3.6. The detected zones and the trip times are tabulate in the table 3.4. It
is observed that the operated trip times are close and the performance of SEL-421 using
hardware-in-the-loop setup is satisfactory. The plots of line voltage, line currents, and

protection trips for case 2 are shown in figures 3.13 to 3.16.



Table 3.4: Simulated fault scenarios for distance protection

50

SEL-421 with
RTDS 2lelement
GOOSE
Case Description
Time Time
Zone Zone
(msec) (msec)
Case-1 | No fault -- -- -- --
L-G fault on Phase A in the
Case-2 Zone 1 16 Zone 1 204
middle of the tie-line 1
L-L fault in the middle of 22.2
Case-3 Zone 1 18 Zone 1l
the tie-line 1
Three Phase fault in the
Case-4 Zone 1 16.8 Zone 1l 14.6
middle of the tie-line 1
L-G fault on Phase A near
Case-5 Zone 2 209.6 Zone 2 211.8
the end of the tie line 1
L-L fault near the end of
Case-6 Zone 2 208 Zone 2 209
the tie line 1
Three Phase fault near the
Case-7 Zone 2 211.2 Zone 2 211
end of the tie line 1




Voltage in KV

current in KA

Line Voltages

200 : : :
_______________________ — phaseA
----------- phaseB .
100 FEENEE. @ 00 . phaseC
0 n
-100 T
_2 r r r
00 4 6 8 10
time insec
FIGURE 3.13: Line voltages in case 2 (L-G Fault on A phase)
Line Currents
6 T T T T
— phaseA
----- phaseB
4 5 [N IR phasec
2 .
of i
_2 r r r
0 2 4 6 8 10

time insec

FIGURE 3.14: Line currents in case 2 (L-G Fault on A phase)
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1 L L L
05! | | —FAULT),
0 2 4 6 8 10
l L L L
0-8* r ~ |——zone 1 trip ||
0 2 4 6 8 10
1 L L L
O-Sf | r r zone 2 start /|
0 2 4 6 8 10
1 U T r L
(1) r r | ——zone 2 trip "
0 2 4 6 8 10
time

FIGURE 3.15: Protection trips in case 2 (L-G Fault on A phase)

3.4. Implementation of Out-of-step Protection using Dual Blinder Scheme

To simulate an out-of-step condition, the test setup is configured as shown in
figure 3.16. Distance protection relays are implemented on the both ends of the tie-line 1
(Relay A, Relay B). These relays are the in-built RTDS distance elements. Out-of-step
protection is implemented using SEL-421 numerical relay (Relay C) and it is situated on
tie-line 2 at the bus 7 end. Relay A and Relay B are incorporated with auto reclose
feature to get the tripped line back into the service after a specific set time. A three phase
fault is injected in the middle of tie-line 1 and is cleared by Relay A and Relay B. The
generated power swing is observed using Relay C using dual blinder scheme. The setting

calculations are as follows:
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BUS 7 BUS 9
Tie Line-2
RELAY C
(SEL- 421)
RELAY A RELAY B
(RTDS 21) Tie Line-1 [RIDSET

FIGURE 3.16: Test setup for out-of-step protection

Calculations for blinder settings:

CTR _ 500 0.25
PTR 2000

Positive sequence impedance of line
Z1L1 = 116.96 £84.29%primary = 29.24 £84.29° secondary
Zone 2 Reach Z2MP = 140.35 primary = 35.0875 ohms secondary
Source Impedance Z1S = 118.94 ohms primary = 29.375 ohms secondary
Receiving end Impedance Z1R = 114.84 ohms primary = 28.71 ohms secondary
frnom = 60 Hz

Inner resistance blinder R1R6 = 21.157 ohms
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Maximum load current IL(max) = 536.4A primary = 1.0728A secondary

Corresponding line-neutral voltage V,y = 132.79 KV primary = 66.395V secondary

VIN _ 66.395

— = = 61.89 ohms
IL 1.0728

Minimum load impedance ZL,,;, =

Outer resistance blinder R1R7 = 35.27 ohms
Inner reactance blinder X1T6 = 42.105 ohms

Outer reactance blinder X1T7 = 56.218 ohms

OST DELAY:

Total transfer impedance ZT = 87.685 ohms
AngR6 = 128.45°
AngR7 = 102.37°

For this test system fast unstable swing frequency fy;;, = 4Hz

(128.45 — 102.37) = 60
OSTD = 360+ 4 = 1.0866 cycles = 18.11 msec

The nearest valid setting for OSTD is 1.125 cycle. The SEL-421 relay settings shown in

figure 3.17.
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E AcSELerator® QuickSet - [Settings Editor - Distance_Kundur {(SEL-421-5 019 +5,15.0.4)]

File Edit ‘“iew Comrmunications Tools Windows Help  Language
OBRBIHD 2R 00 R | er| ol
-0 Aliases - - ~ -
-© Global Out-of-Step Tripping/Blocking
-0 Breaker Monitar
4@ Group1 00561 Block Zone 1
4-0 Setl ¥ - | Select: v, N

4-0

000000000¢

0000000000000 000 0

O Group 2
O Group 3
2 Group 4

-2 Group 5
2 Group B
L]

Outputs

2 Line Configuration
Relay Caonfiguration

thao Phase Distance Element Reach
GQuad Phase Distance Element Reach
Phaze Diztance Element Time Delay

khao Ground Distance Element Reach
Quad Ground Diztance Element Feach
Zero-Sequence Compensation Factar
Ground Diztance Element Time Delay
Series Compensation

Distance Element Common Time Delay
Switch-Onto-Fault S cheme

Out-of-Step Tripping/Blocking

Load Encroachment

Fhaze Inztantaneous/Definite-Time Owerc
Rezidual Ground |nstantaneous D efinite-T
Megative Sequence Instantaneous/D efinit
Selectable Operating Quantity lnverse Tim
31 Elements

Under Yoltage [27] Elements

Ower Yaltage (59] Elements

Zone/Level Direction

Directional Control Element

Faole Open Detection

Trip Schemesz

Ereaker 1 Failure Logic

Breaker 2 Failure Logic

Synchranizm Check

Recloser, Manual Clozing and Waoltage Eler
Demand ketering

Trip Logic

..... @ Pratection Lagic 1
..... © Graphical Logic 1

Automation Logic

% Main Rnard

O0SE2 Block Zone 2

W - | Seleck: ¥, M

QDSBS Block Zone 3

M - | Select: ¥, M

Q0SB4 Block Zone 4
M Select: ¥, M

QDSBS Block Zone 5
M Select: ¥, M

OSBD Out-of-Step Block Time Delay {oyc)
1.750 R.ange = 0.500 to S000, 000

QSELTCH Latch Out-af-Step Blocking
W - | Seleck: ¥, MW
EQOST Out-of-Step Tripping

1 - | Select: M, I, O

QSTD Ouk-of-Skep Trip Delay {cwe)
1.125 Range = 0,500 ko 2000, 000

®1T7 Zone 7 Reactance -Top (ohms, sec)
56,21 Range = 0.05 ko 96,00

®1Té Zone & Reactance -Top {ohms,sec)
42,11 Rangs = 0,05 ko 96,00

R1R7 Zone 7 Resistance -Right {ohms,sec)
35.26 Range = 0.05 ko 70,00

RIRE Zone & Resiskance -Right [ohms,sec)
21.16 Rangs = 0,05 ko 70,00

®1B7 Zone 7 Reactance -Botkom {ohms,sec)
-56.21 Range = -95,00 to -0,05

FIGURE 3.17: SEL-421 out-of-step protection settings

The configuration and distance element settings for Relay A and Relay B are shown

figures 3.18 and 3.19.



_rtds_PN_21_wvi.def

8 Out of Step Element (RPSBY | MONITORING (MMAUMERN) |

Directional Element (RDIR)

21 Distance Elements (PDIS)

CONFIGURATION r FROTECTION TRIF COMDITIONMIMNG (FTRC) r POS/ZEROD 5EQ COMP
Mame | Description Walue Unit hiry [LES
iedhlame IEC Mame RTDS-DISTE |~ |
frer Select Firmware Wersion onz1 01 - u] 0
fren Base Freguency 60.0 - a 1
aFT Enable Freguency Tracking ON - 0 1
Ay Delay Input Signal to align W &1 |Hone - a 1
nz21 Mumber of distance elements {max=3) 2 - a 3
plots Enable Monitoring YES - a 1
sfx Plot Signal Suffix
ery Mumber of Reclose Attempts (1] - a 3 L
BSA Enahle Secondary Arc Exinction Detection u} 1
eBF Enahle S0BF Breaker Fail Detection OFF - u] 1
[=1515) Enahle G2 0035 Detection Block - o 1
emutc Enahle Mutual Coupling OFF - a 1
FEZAMG Characteristic Angle q0.0 degrees 200 150.0
SchTyp Cormm Scherme OFF - i 1
privp Type of Processor Card GPC/PBS - 2 2
Proc Assighed Controls Processor 1 1 54 |
Fri Priority Lewvel 16 1 9559 -
| upsate || cancel || cancelan |

FIGURE 3.18: Configuration settings (21 element)

_rtds_PN_21_v1.def

Directional Element (RDIR) | 21 Distance Elements (PDIS) | MONITORING (MMXUMSQI) |

CONFIGURATION r PROTECTION TRIP CONDITIONING (PTRC) r FPOS/ZERO SEQ COMP
Name Description ] value Unit Min Max
D1 21-1 Element Type MHO |- a 1 =
IPP1 Phase-phase current supervision amps 0.1 99.99
IP1 Phase current supervision amps 0.1 99.99
IR1 Residual current supervision amps 0.1 99.99
D1R Zone 1 Reach ohms 0.020 250.000
D1RR Zone 1 Reverse Reach ohms 0.000 250.000 -3
Dirtod1 21-1 Direction 1
D1RE Zone 1 Right Blinder 00.000
D1RA Right Blinder Anagle 0o
D1LE Zone 1 Left Blinder alsly}
D1LA Left Blinder Angle
D2 21-2 Element Type MHO 1
IPP2 Phase-phase current supervision 1.732 amps 0.1 99.99
IP2 Phase current supervision 1.0 amps 0.1 99.99
IR2 Residual current supervision 0.25 amps 0.1 99.99
D2R Zone 2 Reach 46.023 ohms 0.020 250.000
D2ZRR Zone 2 Reverse Reach 0.00 ohms 0.000 250.000
DirMod2 21-2 Direction WD | - 0 1
OpDITmms2 Zone 2 Time Delay 200.0 msec 10.0 999999
D2ZRE Zone 2 Right Blinder 14.0 ahms 0020 500.000 ~
| update || cancel || cancelan |

FIGURE 3.19: Distance protection settings (21 element)
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3.5. Implementation of Out-of-step Protection using Synchrophasors

BUS 7 BUS 9
Tie Line-2
PMU-A PMU-B
RELAY A RELAY B
(RTDS 21) Tie Line-1 (RTDS 21)

FIGURE 3.20: Test setup for out-of-step protection using synchrophasors

Synchrophasor based scheme require the voltage phasor measurements from the

both ends of the tie-line 2. Therefore phasor measurement units PMU-A, PMU-B are

located on this line, as shown in figure 3.20. The algorithm is implemented in RTDS and

the logic is shown in figure 3.21.

Synchrophasor based out-of-step logic

FIGURE 3.21: Synchrophasor based out-of-step scheme logic
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3.6. Case Studies
The fault scenarios tabulated in table 3.5 are simulated to compare the out-of-step
detection performances of both techniques. In these case the machines present in the test
system do not have the power system stabilizers. The plots of machine speeds, line
voltages, line currents for all the cases are shown in figures 3.22 to 3.42. The tripping
time comparison between dual blinder scheme and synchrophasor based scheme is

tabulated in table 3.6.

Table 3.5: Simulated fault scenarios for out-of-step protection

Critical Clearing | Power Swing
Case Description
Time

Three phase fault on Bus-7, cleared 0.22 Stable
Case-1

after 0.2 sec

Three phase fault on Bus-7, cleared 0.22 Unstable
Case-2

after 0.22sec

Three phase fault on Bus-9, cleared 0.29 Stable
Case-3

after 0.2 sec

Three phase fault on Bus-9, cleared 0.29 Unstable
Case-4

after 0.3 sec

Three phase fault on middle of tie 0.79 Stable
Case-5

line 2, cleared after 0.5 sec

Three phase fault on middle of tie 0.79 Stable
Case-6

line 2, cleared after 0.7 sec
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Three phase fault on middle of tie 0.79 Unstable
Case-7
line 2, cleared after 0.8 sec
Case 1: Three phase fault on bus 7, cleared after 0.2 sec
Machine Speeds
382 . ;

Machinel
Machine2

o 380 | Machine3| |

o Machine4

S

=

]

.

= 378

=

-]

2.

“ 376

374 ' : '
0 2 4 6 10

time in seconds

FIGURE 3.22: Machine speeds in Case 1



Line Voltages

| — phaseA
—— phaseB

=300 ' -
0 2 4 6 8 10
time in sec
FIGURE 3.23: Tie-line voltages in case 1
) Line Currents

— phaseA
—— phaseB
— phaseC

current in KA

time in sec

FIGURE 3.24: Tie-line currents in case 1




Machine Speeds

speed in rad/sec

390 .
Machinel
Machine2
385 Machine3
Machined
380 ! ’\ 7
375} \/\_q _
1¥3
370 \#“‘“m
i P ]
VVVUUU\.
365 : : - :
0 2 4 6 8 10
time in seconds
FIGURE 3.25: Machine speeds in case 2
Line Voltages
300 ; —
— phaseA
200 —— phaseB

— phaseC

-300 ' ' '

time in sec

FIGURE 3.26: Tie-line voltages in case 2
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2 Line Currents

— phaseA
——— phaseB
— phaseC

1T

current in KA

_3 1 1 1 1
0 2 4 6 8 10
time in sec
FIGURE 3.27: Tie-line currents in case 2
Trip Signals
ll] I T T I
m— FAULT
5 ” _
l] 1 1 1
0 : 4 6 ! 10
I | OST trip from SEL421
]. i T T T
0.5 :
3.6 sec
l] "( 1 1 1
0 1 4 fi 9 10}
1 1 | trip in synchrophasor method
I T T T
1
|].5 r I T
2.33 sec
0 [ it W . .
] 2 4 6 8 10

FIGURE 3.28: Trip signals in case 2
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Voltage in KV

Machine Speeds

speed in rad/sec

382
Machinel
381 Machine2 | 7
I\ Machine3
380 ¢ | Machined | T
n
379t ' \
378 ¢ ' '\/ 1 \ l
377 \ VoW~ |
| / %\f\_f
376+ i .
375 : ) ) '

1} 2 4 6 8 10
time in seconds

FIGURE 3.29: Machine speeds in case 3

Line Voltages
300 : —

— phaseA

200 —— phaseB
— phaseC

-200

-300 ' ' )

time in sec

FIGURE 3.30: Tie-line voltages in case 3
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FIGURE 3.31: Tie-line currents in case 3
Machine Speeds
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FIGURE 3.32: Machine speeds in case 4
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Voltage in KV
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Line Voltages
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current in KA
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FIGURE 3.33: Tie-line voltages in case 4

2 Line Currents

— phaseA
—— phaseB
— phaseC
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time in sec

FIGURE 3.34: Tie-line currents in case 4
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379

378.5

speed in rad/sec
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~1
F‘H
th

376

375.5
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|
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377.5¢
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Trip Signals
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. | === OST trip from SEL421|
Il T T T
1
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:‘{ ] 1 1
1 4 (] 8 10
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I
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FIGURE 3.35: Trip signals in case 4
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FIGURE 3.36: Machine speeds in case 5
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Voltage in KV

current in KA
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FIGURE 3.37: Tie-line voltages in case 5
Line Currents
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FIGURE 3.38: Tie-line currents in case 5
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FIGURE 3.39: Machine speeds in case 6
Line Voltages
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FIGURE 3.40: Tie-line voltages in case 6
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FIGURE 3.41: Tie-line currents in case 6
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FIGURE 3.42: Machine speeds in case 7
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FIGURE 3.43: Tie-line voltages in case 7
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FIGURE 3.44: Tie-line currents in case 7
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Trip Signals
10 I . b8 . ;
< | —— FAULT|
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0 % 4 6 8 10
1 I . e ()ST trip from SEL421
I
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l] lu( 1 } 1 L
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1 1 | trip in synchrophasor melhm:l|
: :
0.5 1
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-
0 ! ! !
0 2 4 (i 8 10

FIGURE 3.45: Trip signals in case 4

Simulation Analysis:

1. Critical clearing time (CCT) is calculated using the time domain simulation
analysis. It was observed that CCT in case of bus fault is lower when compared to
the line faults.

2. Incases 1, 3, 5 and 6, since the fault clearing time is less than the critical clearing
time, the power swings are stable. The machine speeds, Line voltages and Line
Currents are eventually going back to the equilibrium position.

3. Incases 2, 4 and 7, the fault is cleared after the CCT and hence the power swings
are unstable. The relay trip times using dual blinder method and synchrophasor

method are tabulated in table 3.6
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Table 3.6: Tripping time comparison between dual blinder method and synchrophasor Method

Case Tripping Time (Seconds)
Dual Blinder Method | Synchrophasor method

Case-1 | No trip No trip

Case-2 | 3.6 2.33

Case-3 | No trip No trip

Case-4 | 3.48 2.21

Case-5 | No trip No trip

Case-6 | No trip No trip

Case-7 | 3.54 3.38

3.7. Summary

In this chapter, the out-of-step protection general design and implementation
methodology was described using dual blinder scheme in a two source equivalent power
system. The corresponding setting calculations were shown. Moreover, the algorithm for
synchrophasor based protection scheme was presented. The performance of these two
methods was compared using kundur two area test system using real time digital
simulator (RTDS) and SEL-421 numerical relay. The hardware-in-the-loop setup was
described with necessary configurations and it is validated by comparing the distance
protection scheme using RTDS inbuilt distance component (21). Seven different fault
scenarios are simulated in kundur two area test system to compare the performance of the
dual blinder scheme and synchrophasor based out-of-step detection scheme. The unstable

power swing is the result of transient instability of the system followed by a severe
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disturbance like three phase bolted fault. In the next chapter, the transient energy function
based out-of-step protection methodology is discussed and implemented in Kundur two

area system.



CHAPTER 4 : OUT-OF-STEP PROTECTION USING REAL TIME TRANSIENT
STABILITY ANALYSIS

This chapter presents the methodology of out of step protection based on the transient
stability assessment techniques using direct methods. The PMUs installed in the power
system enables real-time monitoring of the transient swings of the generators and evaluates
the total system energy, as a result the dynamic stability of the system is assessed. Section
5.1 presents overview and back ground theory of direct methods and Section 5.2 discusses
the out-of-step protection scheme using Transient Energy Function (TEF) method. Further
section 5.3 presents the simulation results in Kundur two area test system. Section 5.4 gives

the summary of the chapter.

4.1. Theoretical Background of the Direct Methods

Conventional transient stability analysis methods are based on numerical integration of
differential equations that represents the power system during and after a disturbance
occurrence. Despite the fact that these methods are highly accurate, they cannot be used in
online and real-time applications since huge computational effort required. Direct methods
are the alternative approaches that do not involve huge number of integrations. A direct
method for transient stability is defined as the method that is able to determine the stability
without explicitly integrating the differential equations that describe the post fault system.

As a result these methods are best suited for real-time applications.



75

In 1892, A.M. Lyapunov proposed that the stability of the equilibrium point of a non-
linear dynamic system of dimension n,

x=f(x),f(0)=0 (4.1)

Can be determined without the numerical integration. Lyapunov’s theorem states that
if there exists a scalar function V(x) for equation 5.1 that is positive definite around the
equilibrium point and its derivative V(x) < 0 , then the equilibrium is asymptotically
stable. V(x) is the generalization of the concept of energy of the system. This energy based
method to determine the stability of the system began with early work of Magnusson [47]
and Aylett [48]. Although many different functions have been tried since then, the sum of
the kinetic and potential energies of the system has provided the best result. Hence in power

literature, the Lyapunov’s method is called as Transient Energy Function (TEF) method.

Pemax
Y.

M 7N

FIGURE 4.1: Rolling ball in a bowl analogy [49].

Transient energy approach can be described by a ball rolling on the inner surface of a
bowl as depicted in Figure 4.1. Initially the ball is resting which is equivalent to a power

system in its steady state equilibrium. When an external force is applied to the ball, the ball
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moves away from the equilibrium point. Equivalently, in power system, a fault occurs on
the system which causes the generator rotors to accelerate and gain some Kinetic energy
causing the system to move away from Stable Equilibrium Point (SEP). If the ball converts
all its kinetic energy into potential energy before reaching the rim, then it will roll back and
settle down at the SEP eventually. In power systems, after the fault is cleared, the kinetic
energy gained during the fault will be converted into potential energy if the system is
capable enough to absorb that kinetic energy. Otherwise, the kinetic energy will increase
causing the synchronous generators to lose synchronism and become unstable [49].

4.1.1. Mathematical Formulation
The sum of kinetic energy (KE) and the potential energy (PE) for a conservative system
is constant. The expression for total energy can be expressed in terms of KE and PE. In
case of power systems the total system is represented by classical model i.e. the
synchronous generators are modeled as a constant voltage source behind transient
reactance and loads are modelled as constant admittances. For this model, the physical

motion of the generators is governed by the set of differential equations

M@ + D@ =P —P, (4.2)

1 1 1 el

S =w (4.3)

Where for machine i

&; Angle of voltage behind transient reactance, indicative of rotor position
W; Rotor speed

M; Generator inertia constant,

D; Damping coefficient.

The expressions of P; and P,; are given by
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R=Fi— EiZGii (4-4)
P, :Zn:[cij sin(8, -8, )+ Dycos(8, - &, )] (4.5)
i
Where,
C; =EE;B;
D, =EE;G;
Ppi mechanical power input,
E; magnitude of voltage behind reactance,
Gy real part of ith diagonal element of the network’s Y-bus matrix,
Gij,B;;  real and imaginary components of ijth element of network’s Y bus matrix.

Good physical insight into the behavior of the synchronous generators is obtained when
their motion is expressed with respect to machines center of inertia (COI). The position of

COl is defined by

% :izMié‘i (4'6)
MT i=1
Here M; =DM,
i=1
We define 6; and @, by
6,265,

Finally we can derive that the equations of motion with respect to center of inertia (COI)

reference as in the form
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M.@& =-D.é +P -P, _Mip (4.7)

i ei M Col
T
6=a, i=12..n (4.8)

Furthermore when damping is neglected, the system motion is described by the equations

Mé =P P, Mip (4.9)

ei Col
I\/IT

6=a, i=12..n (4.10)

Next, we develop an expression for individual machine transient energy. Multiplying the

i-th post-fault swing equation by 6, and rearranging, we obtain the expression

{Ma) P+P, +|\'\:' P, |6, i=1,2..,n (4.11)

;
Integrating (4.11) with respect to time, using lower limitt = t,;, where @(t;) = 0 and

0(ty) = 67 is the stable equilibrium point (SEP), yields

1~ s
Vi=§Mia)| R(6-6) Zl:cujsmed¢9+

S

j#

ZD,JIc030d9+ jPCOIde i=12,...,n.  (412)
j=1

s T 05
j¢|

This integral is evaluated using the values of 8;, 6;, w, as obtained from the solution of
equation (4.9) and using the values C;;, D;; and 6; for the post disturbance network. The

first on the right hand side of (4.12) is the kinetic energy of the system inertial center. The

remaining terms are considered as the potential energy.
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The expression for transient energy is derived for individual machine. The total can be
obtained by summing up all the individual machines transient energies and the final

expression is derived as

v=lyma-YR(a-4)
2 i=1 i=1
n-1 n 6+
—>" 3| C;y(cosy —cos6; )~ [ Dycos6,d (6,-6;) (4.13)
) 608

Where

M; Moment of inertia of machine i,

, ith generator rotor speed with respect to COl,

0; ith generator rotor angle with respect to COl,

0, ith generator rotor angle at SEP with respect to COI,

0, =6,—6

The total transient energy of the system V can be expressed as
V =Vgg +Vpg + Vg + Vpg

where

Vkg is the change in Kinetic energy relative to COl,

VpE is the change in potential energy with respect to COl,

Vg is the magnetic stored energy in all the branches,

VpE 1s the dissipated energy in all the branches.

The dissipated energy can be approximated as
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SN [ 5+6,-8°=5;
D

n-1 n 69,
Z l: I DIJCOSQIJd(GIHJ)lzz ij évi_&j_(év_s_év_s

22 ) D) = )](sinéIJ —sing;)  (4.14)
4.1.2. Transient Stability Assessment

In a multi machine power system, during a disturbance, transient energy is injected
into the system causing the total energy V to increase which causes the machine i to diverge
from its equilibrium point. When the fault is cleared, the machine’s gained Kinetic energy
of the system is converted into PE. This process continues until the initial KE is converted
totally into PE causing the system to converge towards a stable equilibrium point.
However, if the KE of the machine i is not converted totally into PE, then it loses
synchronism and separates from the system. By using the total energy of the system, the
boundary of the region of stability is determined by hypersurfaces which passes through
the saddle points. These hypersurfaces are from the Potential Energy Boundary Surface
(PEBS). At the PEBS, the potential energy is maximum as well as on the boundary of
region of instability. The system maintain stability if the total kinetic energy is converted
into potential energy before reaching the PEBS.

4.2. Out-of-step Protection Scheme using TEF Methods

As mentioned in the Chapter 2, nowadays, out-of-step protection is based on
impedance relays that monitor the impedance trajectory at the terminals of the generator or
the transmission line. For the present state-of-the-art out-of-step protection, the most
common scheme is a mho relay with single blinder or double blinder set. Specifically, the
impedance trajectory is monitored and instability is detected when there is a crossing on

the two blinder (right and left). The major disadvantage of this scheme is that the instability
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is detected when the unit has already slipped the pole. Furthermore, additional delay of
tripping may be needed to avoid breaker overstresses in case of high generator torque angle
differences.

Energy of the system
600 . .g} }

500 ¢

Total Energy
— — —Energy at Fault Clearing Time

400 ¢

(7]
=
=]

200

Energy in P.u.

|
|
0 I Ny L

-100

0 2 4 6 8 10
time in sec

FIGURE 4.2: Typical total energy curve for stable power swing

Energy of the system

Total Energy
— — — Energy at Fault Clearing Time

time in sec

FIGURE 4.3: Typical total energy curve for unstable power swing
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Figure 4.2 and 4.3 illustrates total energy trajectory in both stable and unstable power swing
situations. The total energy of the generator is computed at each time step using the
equations 4.13 and 4.14. The total energy of the system at the fault clearing time is the sum
of KE acquired by the system and PE due to the machine rotor angle deviations. If the fault
clearing time is less than the critical clearing time (CCT), the energy acquired is absorbed
by the system in the successive time steps. The consecutive maxima of the energy curve is
observed and it is less than the energy at fault clearing time, then stable power swing is
ascertained. If the following maxima of the energy function is more than the energy at fault
clearing time, unstable power swing is detected and the corresponding protective and
control actions will be taken. The measurements of machine rotor angles and speeds are
obtained from the synchrophasor measurements from PMU’s located at the machine
terminal buses using dynamic state estimation techniques. The Algorithm flowchart is

depicted in figure 4.4.
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FIGURE 4.4: Algorithm flowchart for TEF Method
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4.3. Simulation Results
The proposed out-of-step protection scheme is tested on Kundur two area system which
was already described in section 3.2. The same test scenarios in table 3.5 are simulated in
RTDS RSCAD and the tripping times are compared with dual blinder method and
synchrophasor based method. COI reference frame is used for generators and loads are
modeled as constant impedances.

Case 1: Three phase fault on Bus-7 for 0.2 sec

Energy of the system
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FIGURE 4.5: Energy curves in case 1
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Case 2: Three phase fault on Bus-7 for 0.22 sec
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Case 3: Three phase fault on Bus-9 for 0.2 sec
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Case 4: Three phase fault on Bus-9 for 0.3 sec
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Case 5: Three phase fault in middle of tie line for 0.5 sec
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Case 6: Three phase fault in middle of tie line for 0.7 sec
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FIGURE 4.21: Derivative of energy in case 6
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Case 7: Three phase fault in middle of tie line for 0.8 sec
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FIGURE 4.23: Energy curves in case 7
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FIGURE 4.24: Derivative of energy in case 7
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Table 4.1: Comparison of trip times —conventional methods vs transient energy based method

Case Tripping Time (Seconds)
Dual Blinder Method Synchrophasor method TEF method

Case-1 | Notrip No trip No trip
Case-2 | 3.6 2.33 2.18

Case-3 | No trip No trip No trip
Case-4 | 3.48 2.21 2.20

Case-5 | No trip No trip No trip
Case-6 | No trip No trip No trip
Case-7 | 3.54 3.38 2.87

4.4, Summary

In this chapter, a novel, energy based out-of-step protection scheme is described
that is based on real time synchrophasor measurements provided by PMUs in the system.
The total system transient energy is computed at each time step using the Transient energy
function. An algorithm is identified to detect the unstable power swings and thereby to
initiate the out-of-step protection signal. The proposed scheme is advantageous as it can
detect the out-of-step conditions faster than the other conventional methods. This was

proved by the simulation studies in Kundur two area system. The next chapter is dedicated
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to the design of power system stabilizer and to study the impact of PSS on the performance

of transient energy function based out-of-step protection scheme.



CHAPTER 5 : INTEGRATED OUT-OF-STEP PROTECTION WITH PSS

This chapter presents the methodology of power system stabilizer design using power
system analysis toolbox (PSAT) Eigen value analysis. Section 5.1 discusses about the
Heffron-Phillips model of the synchronous machine. Section 5.2 describes the power
system stabilizer structure. Section 5.3 outlines the design of power system stabilizer in
kundur two area test system. Section 5.5 is dedicated to the implementation of out-of-step

protection in presence of PSS at all the generators in the test system.

5.1. Heffron Phillips Model of Synchronous Machine
A valid model for synchronous generator is essential for a reliable analysis of
stability and dynamic performance. The Heffron Phillips model of a synchronous
machine has been successfully used for investigating low frequency oscillations and
designing power system stabilizers. This model is obtained by linearizing the third order
non-linear model of synchronous machine around considered operating conditions. The

block diagram with field circuit and AVR is shown in figure 5.1.



Exciter

G, (5)

Awm,| @,

\— 1

1+5T,

Voltage transducer

FIGURE 5.1: Heffron Phillips model of synchronous machine [1]

The complete state space model is given by equations

(Ao, a, a, a; 0 [[Aw bl'
Ad d,, o 0 0 Ad 0 AT
. = +
Avy, 0 ay ay ay ||A¥s O] "
[ﬂ.‘&]_ | 0 a, a, au_,‘&vl, |0 ]
Where aj; = =22 (5.1)
K
A1z = _ﬁ (5.2)
K
as= -2 (53)
A1 = wo = 21fy  (5.4)
R !
azz = — 2L mqiLaas  (5.5)

Lfd
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__@oRgal. _ Lags /
azz = Lfq 1 Lfq + My Lggs (5'6)
woR
a3, = ——L°K, (5.7)
Laau

Ag2 = Th (5.8)
a3 = — (5.9

a44 = _T_ (510)

R

The small signal stability can be analyzed by Eigen value analysis of the state
matrix. In this thesis work, the state matrices of all the generators are obtained by PSAT

Eigen Value analysis.

5.2. Power System Stabilizer
Power system stabilizer is a supplementary excitation controller used to damp the
electromechanical oscillations thereby to improve the small signal stability and transient

stability. The PSS can be designed in various structures such as [32]:

a) Lead-Lag Structure or conventional structure: The transfer function is in the form

_K (sTw )(1+5T1) & 11
Upss = Boss\1 1 s1,) \1 + 5T,/ G11)
Or
—K ( sT,, )(1+ST1)(1+ST3) £ 12
Upss = Boss\1 51 ) \1+ 5T,/ \1 + s7,/” (612)

Where y is the input signal.

b) Proportional-Integral-Derivative structure: The transfer function is in the form
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sT,,

K;
—) || Kp + —+ K, ) 5.13
1+sTw)(P+s+ p3)Y ( )

Upss = (

c) Other structures based on adaptive, optimal, intelligent control, to name a few.

The common input signals used are speed, frequency, electric and accelerating power

deviations [32].

PSS Structure
<«— Washout filter |« (Lead-Lag, PID, .
upss Other) Input Signal

FIGURE 5.2: Power system stabilizer structure

In the Heffron-Phillips model, to introduce damping torque component, the
logical signal that can be used to control the excitation is Aw,-. The PSS transfer function
should have appropriate compensation circuit to compensate for the phase lag between
exciter input and electrical torque. The block diagram with power system stabilizer is

shown in figure 5.3.
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FIGURE 5.3: Heffron Phillips model including PSS [1]

5.3. PSS Design in Kundur Two Area System

The methodology of PSS design using Eigen value analysis is as follows.

Step 1: Run the Eigen value analysis on the test system over and equilibrium point and

obtain the system state matrix (A).

Step 2: Obtain the inter area electro mechanical modes using participation factors.

Calculate the damped frequency and natural frequency.

Step 3: Obtain the individual synchronous machine state matrices and approximate to the

Heffron-Phillips model

Step 4: Calculate the K coefficients form the individual matrices using equations 5.1-

5.10
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Step 5: Calculate the phase lag in the voltage signal due to Exciter and AVR and the

damping factor.

Step 6: Design the Lead-Lag compensator to compensate the phase lag and calculate the

gain to introduce additional damping.

Step 7: Implement the designed PSS and perform Eigen value analysis again to confirm

the inter area oscillations are damped or not.

In the present test system the Eigen value analysis is performed using MATLAB PSAT

software. The plot of Eigen values with only AVR is shown figure.

10 L L L T L
5-
X X
X
g O fasnnnununnnnnnnnsd Kewnmnnns e Rt R R R R A R AR AR RN AR RN RN AN RN NN EEAREEEEEEEEREEEEEEEE Q«. 2.&.‘:%)
X i x
-5 ﬁ
_10 r r r r r
-12 -10 -8 -6 -4 -2 0

FIGURE 5.4: Eigen value plot for Kundur two area system with AVR only



Table 5.1: Eigen values with AVR only
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Eigen Most Real part | Imaginary Damped Natural
Value Associated part frequency | Frequency
States

1

vm_Exc 3 -1000 0 0 0
2 vm_Exc_2 -1000 0 0 0
3 vm_Exc 4 -1000 0 0 0
4 vm_Exc_1 -1000 0 0 0
5 vf_Exc_3 -10.3237 0 0 0
6 vf_Exc_3 -9.5047 0 0 0
7 vf_Exc 4,

vrl Exc 4 -10.4974 3.27734 0.521603641 | 1.750238
8 vf_Exc 4,

vrl_Exc 4 -10.4974 -3.27734 | 0.521603641 | 1.750238
9 vf_Exc 1,

vrl_Exc_1 -10.4914 3.26015 0.518867774 | 1.748519
10 vf_Exc 1,

vrl_Exc_1 -10.4914 -3.26015 | 0.518867774 | 1.748519
11 vf_Exc 1,

vf_Exc 2 -10.2224 2.38304 0.379271709 | 1.670568
12 vf_Exc 1,

vf_Exc 2 -10.2224 -2.38304 | 0.379271709 | 1.670568
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13 omega_Syn_1,

delta_Syn_1 -0.15078 6.47257 1.030139101 | 1.030419
14 omega_Syn_1,

delta_Syn_1 -0.15078 -6.47257 | 1.030139101 | 1.030419
15 omega_Syn_2,

delta_Syn_2 -0.14835 6.29085 1.001217532 | 1.001496
16 omega_Syn_2,

delta_Syn_ 2 -0.14835 -6.29085 | 1.001217532 | 1.001496
17 omega_Syn_4,

delta_Syn_4 -0.02994 3.34651 0.532612363 | 0.532634
18 omega_Syn_4,

delta_Syn_4 -0.02994 -3.34651 | 0.532612363 | 0.532634
19 elq_Syn_2,

vr2_Exc_2 -0.94248 0.26333 0.041910173 | 0.155745
20 elq_Syn_2,

vr2_Exc_2 -0.94248 -0.26333 | 0.041910173 | 0.155745
21 elq_Syn_4,

vr2_Exc_4 -0.59354 0.47704 0.075923097 | 0.121194
22 elq_Syn_4,

vr2_Exc_4 -0.59354 -0.47704 | 0.075923097 | 0.121194
23 elq Syn 1,

vr2_Exc_3 -0.3538 0.3072 0.048892284 | 0.074573
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24 elg_Syn_ 1,

vr2_Exc_3 -0.3538 -0.3072 | 0.048892284 | 0.074573
25 elqg_Syn_3,

vr2_Exc_1 -0.36286 0.30982 | 0.049309269 | 0.075938
26 elqg_Syn_3,

vr2_Exc_1 -0.36286 -0.30982 | 0.049309269 | 0.075938
27 delta_Syn 2 0 0 0 0
28 omega_Syn 2 0 0 0 0

From the Table 5.1, the Eigen values 17, 18 corresponds to the inter area electro

mechanical oscillation modes. The natural frequency f,, = 0.532634 Hz

w, = 3.3466 rad/sec

Damping Ratio KD = 4« H * & * w,, = 0.777

The state matrix of generator 1 is obtained as

Ao |
AS
Aelq
AV,

Av
Av,,
Av;

rl

0

376.99

-0.074 -0.102
0 0
-0.143 -0.289
73.841 150.877
0 0
0 0
0 0

From Equations 5.1 to 5.10

0
0
0
-1000
-363.63
0
0

0 0 0

0 0 0

0 0 0

0 0 0
-18.181 -363.63 -25.25
0 0556 -0.0386
2778 0 —2.8164]




The K values are calculated and tabulated in table

Table 5.2: Calculated K Values for the four generators
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Value Generator 1 Generator 2 Generator 3 Generator 4
K1 0.9649 0.8167 0.6062 0.7398

K2 1.3357 1.2257 1.0225 1.1538

K3 0.0361 0.0384 0.0376 0.0369

K4 13.6998 13.4931 13.9594 14.4020

K5 0.0738 0.01 -0.0541 -0.0242

K6 0.1509 0.687 0.0555 0.644

KD 0 0 0 0

T3 3.4594 3.2554 3.3234 3.3880

From the Heffron Phillips Model shown in figure 5.6, the transfer function of AT, due to

PSS with respect to Av, is given by

ATy

(K2 * K3 x KA)

Av,  sT3+ 1+ (K3 K6 +KA)

Substituting the all values at s = jw, = j3.3466

AT
—P% — 0.08182 — 94.9658°

Avq

If AT, has to be in phase with Aw, the Aw signal should be processed through a phase-

lead network, so that the signal advanced by 94.9658 degrees at frequency of oscillation

3.3466 rad/sec. The gain of the PSS depends on the required damping value.
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In this test case, the angle to be compensated is more than 45 degrees. So we need two

Lead-Lag structures in PSS. From the equation (3.34) let T2= T4 = 0.05, Tw =10
Then T1 and T3 can be calculated as T1 = T3 = 0.4598.

Let the required damping Kpss = 20.
The Lead-Lag structure of PSS for Generator 1 is 20 * ——— , 21245985, 1+045985
1+10s 14+0.05s 14+0.05s

1+0.4386s

10s 14+0.4386s
* *
1+0.05s

Similarly for Generator 2 PSS 20 *
1+10s 1+0.05s

10s " 1+0.4608s " 1+0.4608s

For Generator 3 PSS 20 =
14+10s 1+0.05s 14+0.05s
10s 14+0.4433s % 14+0.4433s
1+40.05s

For Generator 4 PSS 20 = *
1+10s 1+0.05s

After Implementing PSS in the system the plot Eigen value is

10 T r L r
5- %
= x 3
CU os s s s E N NN NN NN NN NN NN NN NN SN E NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN R R R RN
E O %
5 xge H «
x X
® = ¥
_10 r r r r
-25 -20 -15 -10 -5 0
Real

FIGURE 5.5: Eigen value plot for Kundur two area system with AVR and PSS



Table 5.3: Eigen values with AVR and PSS

108

Eigen Most Real part | Imaginary Damped Natural
Value Associated part frequency | Frequency
States
1 -1000 0 0 0
vm_Exc 3
2 vm_Exc_2 -1000 0 0 0
3 vm_Exc 4 -1000 0 0 0
4 vm_Exc 1 -1000 0 0 0
5 v2 Pss 3,
v3_Pss_3 -23.8667 6.66315 1.060471 | 3.943746161
6 v3_Pss_3,
v2_Pss 3 -23.8667 -6.66315 1.060471 | 3.943746161
7 vrl Exc 3,
v3 Pss_3 -23.9143 7.84956 1.249293 | 4.005858698
8 vrl Exc_3,
v2_Pss_3 -23.9143 -7.84956 1.249293 | 4.005858698
9 vrl Exc 2,
v2_Pss_2 -23.7727 7.67011 1.220733 | 3.975588724
10 vrl Exc 2,
v2_Pss_2 -23.7727 -7.67011 1.220733 | 3.975588724
11 v3_Pss_3,
v2_Pss_3 -22.9966 7.34056 1.168284 | 3.841946684
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12 v2 Pss 3,

v3 Pss_3 -22.9966 -7.34056 1.168284 | 3.841946684
13 omega_Syn_1,

omega_Syn_4 -1.30528 7.72654 |  1.229714 | 1.247138064
14 omega_Syn_1,

omega_Syn_4 -1.30528 -7.72654 |  1.229714 | 1.247138064
15 omega_Syn_2,

delta_Syn_ 2 -1.28543 7.38297 1.175033 | 1.192710092
16 omega_Syn_2,

delta_Syn 2 -1.28543 -7.38297 1.175033 | 1.192710092
17 vf Exc 1,

vf_Exc 3 -6.30671 6.60021 1.050454 | 1.452910938
18 vf Exc 1,

vf_Exc_3 -6.30671 -6.60021 1.050454 | 1.452910938
19 vf_Exc 4,

vf Exc_1 -5.84386 5.65494 0.90001 | 1.294241273
20 vf_Exc 4,

vf Exc_1 -5.84386 -5.65494 0.90001 | 1.294241273
21 vf_Exc 2,

vf Exc_1 -5.49616 5.03485 0.801319 | 1.186288777
22 vf_Exc 2,

vf Exc_1 -5.49616 -5.03485 0.801319 | 1.186288777
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23 vf_Exc_3,

v3 Pss_3 -5.43575 4.87874 0.776474 | 1.162476601
24 vf_Exc_3,

v2_Pss_3 -5.43575 -4.87874 0.776474 | 1.162476601
25 omega_Syn_4,

delta_Syn_4 -0.72638 3.4951 0.556261 | 0.568147309
26 omega_Syn_4,

delta_Syn 4 -0.72638 -3.4951 0.556261 | 0.568147309
27 elq_Syn 2,

elqg_Syn_3 -1.3073 0.79343 0.126278 | 0.243384988
28 elq_Syn 2,

elqg_Syn_3 -1.3073 -0.79343 0.126278 | 0.243384988
29 elq_Syn_4,

vr2_Exc_4 -0.55766 0.47439 0.075501 | 0.116523598
30 elq_Syn_4,

vr2_Exc_4 -0.55766 -0.47439 0.075501 | 0.116523598
31 vr2_Exc_3 -0.48566 0 0 0
32 elq_Syn 1,

vr2_Exc_3 -0.34418 0.29507 0.046962 | 0.072152717
33 elq _Syn 1,

vr2_Exc_3 -0.34418 -0.29507 0.046962 | 0.072152717
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34 elg_Syn_3,

vr2_Exc_1 -0.35316 0.2979 0.047412 | 0.073533269
35 elqg_Syn_3,

vr2_Exc_1 -0.35316 -0.2979 0.047412 | 0.073533269
36 vl Pss 4 -0.10165 0 0 0
37 vl Pss 2 -0.10153 0 0 0
38 vl Pss 4 -0.10132 0 0 0
39 delta_Syn 1 0 0 0 0
40 delta_Syn 1 0 0 0 0

From the Table 5.3, the Eigen values 25, 26 corresponds to the inter area electro

mechanical oscillation modes. The natural frequency f,, = 0.5681 Hz

Damping Ratio KD = 4 « H = & * w,, = 18.56

w, = 3.57 rad/sec

The damping increased due to the implementation of power system stabilizer. Now the

simulation cases are re simulated in presence of PSS. The eigen values of the system

before the simulation of fault are calculated using PSAT. And after the application of

fault the eigen values are calculated using the machine speed signal data. These results

are tabulated in Table 5.4.




Table 5.4: Eigen value comparison before and after the fault

State Eigen values before fault Eigen values after fault
without PSS with PSS without PSS with PSS
W1 -0.151+6.47i -1.305+7.727i -0.3+0.46i -1.3+0.43i
w2 -0.148+6.29i -1.285+7.38i -0.6+0.39i -1.3+0.37i
W3 -0.029+3.34i -0.729+3.48i -0.5+0.47i -1.0+0.46i
W4 -0.029+3.34i -0.729+3.495i -0.1+0.42i -1.8+0.39i

5.4. Out-of-step Protection Integrated with PSS
The power system stabilizers are implemented with calculated parameters in all
the machines in Kundur two area test system. The three simulation scenarios are re-

simulated and the results are tabulated in table 5.5.

Table 5.5: Tripping time comparison in presence of PSS

Case Description Critical Tripping Time (Seconds)
Clearing | Dual Synchro- Energy

Time | Blinder phasor based
Method method Method
Case-1 | Three phase Fault on | 0.25 No trip No trip No trip

Bus 7, cleared in

0.22 sec
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Case-2 | Three phase Faulton | 0.25 3.65 2.37 2.20
Bus 7, cleared in 0.25

Sec

Case-3 | Three phase Faulton | 0.32 No trip No trip No trip
Bus 9, cleared in 0.3

Sec

Case-4 | Three phase Faulton | 0.32 3.62 2.24 2.21
Bus 9, cleared in

0.32 sec

Case-5 | Three phase Faulton | 0.84 No trip No trip No trip
middle of tie line2 ,

cleared in 0.8 sec

Case-6 | Three phase Faulton | 0.84 3.61 3.32 2.85
middle of tie line2 ,

cleared in 0.84 sec

5.5. Summary
In this chapter, Heffron-Phillips model of synchronous machine with exciter and
power system stabilizer was described. Then a methodology to design the power system
stabilizer was presented using PSAT eigenvalue analysis. The PSS was incorporated in
Kundur two area test system and the six scenarios were re-simulated. From the results it
was observed that the critical clearing time in the presence of PSS is more than the cases

without the PSS. This indicates that we get more time before the system goes out of step
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and become unstable. This time can be used to implement necessary control actions like
load shedding or generator tripping to restore the power system to another equilibrium
point. The performance of out-of-step protection schemes is not affected in the presence

of power system stabilizer.



CHAPTER 6 : CONCLUSIONS AND FUTURE WORKS

In this chapter, the conclusion and the potential future works are presented.
Section 6.1 outlines the conclusions of the research work and Section 6.2 presents the
potential future works.

6.1. Conclusions

From the present research work, the following conclusions can be drawn.

1. Synchrophasor based protection schemes are superior to the conventional schemes
in terms of tripping times and their wide area orientation.

2. The proposed energy function based scheme takes the advantage of direct transient
stability analysis methods by computing the overall energy of the system. As a
result the out-of-step conditions are identified faster than the conventional methods.

3. Energy based approach can be expanded to the larger systems by aggregating them
into equivalent two area system as the total energy computed remains the same.

4. Because of the real time stability assessment, adaptive protection techniques can be

applied using the energy based approach.

6.2. Future Works
Following directions could be explored for future work.
1. Applications to the larger power systems by preserving the network structure.
2. Dynamic stability assessment in multiple contingency situations.

3. Impact of the Renewable energy sources on the out-of-step protection schemes.
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APPENDIX A : MATLAB CODES

PSS deign Code:

$after running eigen analysis in PSAT

fm abcd;

% clc;

A MAT=LA.a;

GEN1 A=A MAT([2 1 3 13:16],[2 1 3 13:16]);
numZ2str (GEN1 A)
GEN2 A=A MAT([5 4 6 17:20], [
GEN3 A=A MAT([8 7 9 21:24],[
GEN4 A=A MAT([11 10 12 25:28
H1=6.5;

H2=6.5;

H3=6.125;

H4=6.125;

12 25:2871);

PSS T1,PSS T2,phaselead ]=PSS_DESIGN (GEN1 A, HI)
PSS T1,PSS_T2,phaselead ]=PSS_DESIGN (GEN2_A,H2)
PSS_T1,PSS_T2,phaselead ]=PSS_DESIGN (GEN3 A, H3)

( )

[
[
[
[PSS_T1,PSS_T2,phaselead ]=PSS _DESIGN (GEN4 A, H4

function [ PSS T1,PSS T2,phaselead ] = PSS DESIGN (GEN1 A, H)
%$PSS Design
Kd=-GEN1 A ( *2%H;

1,1)
K1=-GEN1 A(1,2)*2*H;
K2=-GEN1 A(1,3)*2*H;
T3=-(1/GEN1 _A(3,3));
K5=-GEN1 A(4,2)/GEN1 A(4,4);
K6=-GEN1 A(4,3)/GEN1 A(4,4);
Td0=8;
K3=-(1/TdO*GEN1 A(3,3));
K34=GEN1 A(3,2)/GEN1_A(3,3);
K4=K34/K3;
KA=20;
TA=0.055;
num=K2*K3*KA;
den=[ (T3*TA) (T3+TA) (1+(K3*KA*K6))];
TransTeVpss=tf (num, den) ;
mode=-0.15078+6.472571;
mode naturalfreg=abs (mode) ;

value=evalfr (TransTeVpss,mode naturalfreg*li);

phaselead=-angle (value) * (180/pi) ;

PSS T2=0.05;
temp:—(angle(value)/2)+atan(mode_naturalfreq*PSS_TZ);
PSS Tl=tan (temp)/mode naturalfreq;

End
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APPENDIX B: LOGICS IN RSCAD

Total Transient Energy Calculation logic in RTDS :

Potential Energy Klinetic enengy

Calculation calculation

% IfA: B |4
ENDQ Y= 1TEFTRIF
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Potential Energy Calculation logic in RTDS-RSCAD:

Paotential Energy Calculation X

teltas
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[4]

Kinetic Energy Calculation logic in RTDS-RSCAD:

Klinetic energy calculation
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