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~ (ABSTRACT)

The thesis begins with a discussion of loss of field relaying principles, which is
followed by a discussion of real-time playback systems. Loss of excitation protection has
been implemented in General Electric’s EX2000 Digital Exciter. Through the use of
EMTP, several different system disturbances are simulated. The EMTP files are then
played back with the help of a real-time playback system. The signals from the playback
system are then fed to the EX2000 and General Electric’s Digital Generator Protection
(DGP) System, in order to compare the performances of both systems. The paper
concludes by showing that the loss of excitation protection function in the EX2000 works

identical to conventional protection systems.
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CHAPTER 1: INTRODUCTION

Over the years, protective relays have advanced from the electromechanical type to
the current digital multifunctional models being manufactured, which can implement
several protection functions at the same time in the same system. These current models
have always been separate from the digital control systems which controlled generator
parameters. However, in this advanced technological age, there has been a call to
integrate the control and protection functions into the same system, due largely to the
introduction of digital excitation systems. Thus, companies like General Electric are now
attempting to implement certain protection functions into their digital excitation systems,
such as the EX2000 Digital Exciter. This setup will allow the protection functions to
provide redundancy when the digital multifunctional systems are applied as primary
protection.

Testing the EX2000 protection functions through the use of transient simulators
and then comparing its performance with that of a proven digital protection system is the
scope of this thesis. Simulations are first set up through EMTP (ElectroMagnetic
Transients Program), and then amplified voltage and current signals are fed into both
systems for performance evaluation. The principal protection function which is tested in
this thesis is the loss of excitation (LOE) function. An algorithm for a negative phase

sequence current protection function is also configured and tested, but not implemented.



1.1 Loss of Excitation

Generator loss of excitation can be damaging to a generator, due to the low system
voltages which accompany a running generator loss of excitation condition. This possible
damage is due to the heating which occurs both in the generator rotor and in the armature.
During generator loss of excitation, generated lagging vars from the generator to the
system are lost, and lagging vars from the system to the generator are supplied instead [1].
Thus, the generating unit continues to supply power as an induction generator, obtaining
its excitation from the system as a large reactive drain on the system. Such a large
reactive drain can cause problems not only with the faulted machine, but also with the
system and adjacent machines.

Through the use of a transient simulator system, several different conditions are
played back in order to trip loss of excitation functions. Examples of such conditions are a
control malfunction, terminal fault condition, and a stable and unstable swing of the same
system. With these simulations, a more accurate and realistic evaluation of relay

performance can be made

1.2 EMTP (ElectroMagnetic Transients Program)

In order to determine the exact behavior of a generator following a loss of
excitation condition, the use of a sophisticated dynamic stability computer program is
required. The ElectroMagnetic Transients Program allows the user to model a system and

to simulate fault conditions or disturbances within the system. Thus, generators,



transmission lines, motors, switches, and other power system components can be modeled
by entering their parameters into an EMTP data file.

Generator control systems can also be modeled with the use of EMTP, which
becomes extremely useful in the testing of a loss of excitation function. A loss of
excitation can be simulated by creating a loss of control, or control malfunction. After
such a simulation, the EMTP output file can then be analyzed in order to determine the
impedance trajectory of the system.

In order to simulate different system conditions, the parameters in an EMTP data
file must be altered. Thus, in order to simulate different load conditions, the system
impedance data would be changed in the data file. Also, the simulation of different loss of
excitation tests can be carried out by changing a control parameter or simulating a switch
(fault case). These changes allow the user to analyze the system behavior, including the

impedance trajectory, for such cases.

1.3 The Playback System

The playback system setup in the Power Systems Lab converts the EMTP output
files into a form in which the voltage and current data can be played back in real-time.
The playback system consists of a VAX workstation, computer terminal, microprocessor
card, digital-to-analog converter, R-C filter, and power amplifiers. The VAX workstation
acts as the host computer in this setup. From the computer terminal, the user accesses the
EMTP output files previously created. There is a command procedure which scales the

EMTP data and converts it into assembly code for microprocessor use. After processing,



the data is sent to the digital-to-analog (D/A) converter in order to create an analog signal.
This signal is then fed into the R-C filter in order to smooth out the curves. This final
signal can then be viewed through the playback outputs or through the Crown amplifiers.
This setup is an effective way of testing protective functions through the use of the
output signals from the amplifiers. These output signals are then fed to other components
for further amplification. The voltage outputs from the Crown amplifiers are fed to a
power step-up transformer, while the current outputs are fed to current transformers

configured in reverse.

1.4 The Doble Test Instruments

The current transformers mentioned in the last section were abandoned in order to
use a better and more accurate system, the Doble F2375 Transient Current Sources.
These test instruments can easily amplify the Crown amplifier output current signals to the
desired current levels (e.g., 100% load=5 Amps). This system is much more reliable than
using current transformers in reverse because the current levels are more easily attained
and there is no possibility of saturation. Thus, this setup is used for all the transient tests

performed.

1.5 Negative-Sequence Overcurrent Algorithm
An algorithm for a negative-sequence overcurrent protective function was set up
for future implementation. This algorithm consists of two MATLAB m-files-one program

simulates two current input signals while the other analyzes these input signals. Only two



input current signals are needed for this algorithm because the EX2000 requires only two
current inputs. The first program, the input program, simulates normal operation of a
system for eight cycles, then simulates a disturbance for twelve cycles, and finally returns
to normal operation again for eight cycles. This input program also plots the two input
current waveforms, as well as the magnitudes of the positive- and negative-sequence
currents. The second program analyzes the waveforms through the use of sampled-data
techniques. Samples from the input waveforms were first obtained. Then, a recursive
method is used in order to form phasors for the two input currents. From these phasors,
the positive- and negative-sequence currents can be calculated. Finally, the magnitudes of
these currents are computed. This algorithm also accumulates the product of the square
of the negative sequence magnitude and the time difference between samples ((I"2)*T).
Any sustained disturbance would cause this sum to exceed a constant (K) value, which in

the real world would trigger a relay.



CHAPTER 2: BACKGROUND AND SETUP DESCRIPTION

The purpose of this chapter is to give a more detailed description of the topics
mentioned in the introduction. Detailed background information is discussed in order to
give a better understanding of the research that was performed. Several plots are referred

to in the chapter.

2.1 Loss of Excitation

As mentioned in the introduétion, when a loss of excitation occurs, the generator
loses lagging vars to the system and instead absorbs lagging vars from the system, causing
it to operate as an induction generator. Operation as an induction generator for the
faulted machine causes induced currents to flow in the field winding as well as the rotor
body, teeth wedges, retaining ring, etc. Also, severe torque oscillations occur in the rotor
shaft. The rotor is not designed to sustain such currents, and the turbine-generator shaft is
not designed to withstand alternating torques [2]. Rotor overheating, coupling slippage,
and even rotor failure can result. Some systems cannot tolerate continued operation of a
generator without excitation, due to the vars absorbed to make up for the low excitation.
Thus, if the generator is not disconnected immediately after a loss of excitation, instability
may develop quickly and system shutdown could result. The allowable time before
damage can occur in these situations depends on the type of machine, type of excitation

loss, turbine governor characteristics and system conditions [3].



In order to prevent significant damage to the generator, a loss of excitation relay
must be employed. Because a loss of excitation results in a change in reactive volt-
amperes, an impedance type loss of excitation relay is usually used [2]. These relays
usually have two setting determinations, the circle offset setting and the circle diameter
setting. Usually, two loss of excitation relays are employed for security purposes. The
offset of the two relays is usually set to one-half the direct axis transient reactance
(Xd’/2). The diameter of the small circle is set to 1.0 per unit reactance on the machine
base, while the larger diameter is set to the direct axis synchronous reactance (Xd).

Figure 2.1 shows a typical loss of excitation relay configuration.

+R
—— Offset=Xd’/2

X=0p.u.

Figure 2.1 Typical Loss of Excitation Relay Settings

The region inside each circle on the R-X diagram represents each relay’s contact close

condition. While the “inner” relay is instantaneous (i.e., has no time delay), the “outer”



relay usually employs a time delay of 0.5-0.6 seconds. This time delay is adequate to
avoid relay operation for stable generator swings whose impedance trajectories enter and
then leave the operating region of the outer relay. These protective relays are commonly
referred to as ohmic relays because they operate in response to the three variables of
voltage, current, and the phase angle between the voltage and current.

Attention is now focused back to Figure 2.1, which shows an R-X diagram with
the two loss of excitation relays. The R-X diagram is an extremely useful tool because it
permits the illustration of certain power system behaviors on the same diagram. Thus, the
behaviors of voltage, current and the phase angle between them, which are of interest to
relay operation and application, can be analyzed [1]. It is also interesting to note that the
R-X diagram also represents different phases of generator operation. For example, the
upper right quadrant (positive R, positive X) represents the region of operation in which
the generator is supplying real and reactive (lagging vars) power to the system, while the
bottom right quadrant (positive R, negative X) represents the region in which real power
is supplied to the system and reactive power is absorbed from the system. Thus, the loss
of excitation relays are placed in the bottom half of the diagram, where the generator is
absorbing lagging vars.

Figure 2.2 [1] shows some typical impedance trajectories on the R-X diagram for a
generator which has experienced loss of excitation. This generator is assumed to be tied
to an infinite bus through an external system impedance. Curve A describes the

impedance path for a generator at 100% load prior to loss of excitation. The travel time



for the trajectory to reach the trip region of this relay is in the order of 2-5 seconds [1].

Point A’ represents the final impedance value following loss of excitation at 100% load.

c { XeH{Xs (=) A

Reactance (X)

Figure 2.2 Typical Loss of Excitation Impedance Trajectories

According to past studies, this final impedance value approaches, but is always greater
than, the average of the direct and quadrature sub-transient impedances of the generator
((Xd’+Xq’’)/2). This explains why the offset is set equal to one half the transient
impedance-it assures that the impedance region around the point A’ always falls inside the
relay impedance circle because Xd’/2 is always less than Xd’’ [1]. Curve B represents the
impedance path for a generator operating at approximately 50% load prior to loss of
excitation. Curve A’B’C’ represents the final impedance value region following loss of

excitation. Point A’ represents the final value at 100% load, while point C’ represents the



final value at no load. Point C’ approaches but never reaches the average of the direct and
quadrature synchronous impedances of the generator ((Xd+Xq)/2). Thus, it is
recommended that the diameter for the relay impedance circle be set equal to the

generator synchronous impedance.

2.2 EMTP (ElectroMagnetic Transients Program)

The ElectroMagnetic Transients Program allows for the determination of the
behavior of a generator following a loss of excitation. EMTP is able to provide exact
numbers, as well as plots, which can be used to play back such disturbances in real-time.
Thus, EMTP becomes a useful tool in the testing and evaluation of loss of excitation
protective functions.

EMTP operates just like any other program-a system first has to be configured in
an input data file before being compiled. This system can be modeled with the use of
several different configurations. For example, there are many different ways to model a
power source. A synchronous machine can be modeled as a Type 59 3-phase dynamic
synchronous machine source, while a Type 14 conventional voltage source is used for an
infinite bus [4]. The rest of the system can also be modeled differently.

The first parameter cards to be entered into EMTP are the miscellaneous data
cards. These cards consist of the time steps in which data is recorded (deltaT), the length
of the simulation (Tmax), the frequency in which the system will operate (60 Hz), as well
as the rate of output (Iout) and the rate of plotting (Iplot) [4]. DeltaT and Iout are the

parameters that determine the sampling rate of EMTP. It is extremely important to

10



control these parameters because the playback system only operates at a certain sampling
rate (125 samples per 3 cycles).

The next aspect of the power system which is modeled is the control system, which
simulates the synchronous machine’s excitation controls. The Transient Analysis of
Control Systems (TACS) allows the user to describe the system through the use of block
diagram representation. The coefficients of both the numerators and denominators of the
different blocks are inputted into the data file, along with the different variables from

within the system.

Saturation
Specified . Se ={(Ef) 1
Voltage
Vs Limiter
Input Regulator
Filter + Amplifier Va max ) Exciter
Vt - + Ef
O—» 1/(1+Trs) Sum | Ka/(1+Ta s) 1/(Ke+Te s) ++-O
Terminal - Va min
Voltage +
Vo
Other
Signal
Kf s/(1+Tf's)
Feedback
Loop

Figure 2.3 IEEE Type 1 Excitation Control System

Figure 2.3 [5] shows the control system employed for the testing of General Electric’s
EX2000 Digital Exciter. This system is known as an IEEE Type-1 control system. The

constant values used for this system were inputted into the data file. TACS signals and
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EMTP electrical-network variables can be interfaced to form a hybrid EMTP-TACS
configuration [4], which is extremely useful in simulating a control malfunction (which in
turn leads to a loss of excitation). TACS control variables can also be plotted similar to
the way the electrical-network variables in EMTP are plotted.

The main components of the power system are the last ones to be inputted into the
EMTP data file. First, the line impedances are modeled by placing the node names around
the branch with their corresponding impedance values. Next, the switches are modeled by
entering the closing and opening times of the switches with their corresponding node
names. The switch data section allows the user to simulate various faults, such as three-
phase or single-phase-to-ground faults, which are useful in evaluating system behavior
during such disturbances. The final section which is modeled is the source data section.
Because of the complexity of a synchronous generator, this section is one of the more
complicated sections to model. Modeling of an infinite bus only requires entering the
voltage, frequency, and phase angle data of a Type 14 conventional voltage source. For a
synchronous machine source, however, several parameters such as the number of poles,
MV A rating, and voltage rating, as well as the synchronous, transient, and sub-transient
reactance data, have to be entered into the input file. Also, several field time constants
and other reactance data are inputted. Data for this testing was obtained from one of
General Electric’s generator data sheets for a conventional steam turbine.

The final step in the input process is output plotting requests, which is necessary to
obtain proper playback system results. Because of the manner in which the playback

system is configured, it is required to request that the terminal three-phase voltage data is
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listed in the first three columns, followed by the three-phase current data listings. This
translates into a total of six output requests, in order to obtain six output signals. This

setup makes it easier to keep track of the outputs from the playback system. Also, the

scaling factors in the playback system are different for voltage and current. Thus, in order

to obtain signal magnitudes large enough to obtain nominal voltage and current signals for

testing in the protective systems, the EMTP output requests must be set up in this way.

2.3 The Playback System

Laboratory real-time power system simulations are important for relay testing
which must be done in real-time because it is impractical and expensive to perform fault
tests on a real power system [6]. By playing back the off-line digital computer simulation
record from EMTP via conditioning amplifiers, tests can be carried out on protective
systems. This method of analysis is one of the more cost-effective ways in which relay
response to fast electromagnetic transients can be investigated.

Figure 2.4 [6] shows the playback system setup block diagram. This setup
includes all the hardware needed for the real-time playback of the EMTP output file
record. A VAX workstation functions as the host computer for MVME133A
Microcomputer [6]. All the necessary EMTP output and control files are stored in the
VAX and are accessed from the VT220 terminal. The VAX also installs the Macro
Assembler for the Motorola 68020 microprocessor, which translates the machine codes
into object code for the MVME133 A Microcomputer [6]. A Global Positioning System

(GPS) Clock interfaces with the control computer to generate a precise frequency using

13



GPS

Print J/ Clock
rinter a——
V‘:X -«—»{ 68020
VT220 D/tk
Converter
Digital V
Scope \ RC
[ Filter
DGP |= PT’s \ ¢
Doble Amplifier
EX2000 F2375

Figure 2.4 Equipment Setup Block Diagram

the CA code radiated by the NAVSTAR GPS satellites, which is available to the civil
community [6]. The Motorola MVME133 A Microcomputer functions as the playback
system master controller. It outputs the EMTP data to the digital-to-analog converter,
which uses six channels to produce analog phase voltage outputs. The output of each
channel is rated at £10V. Any steps in the signal waveforms are then removed by the two-
stage RC filter. The voltage outputs are then increased via the three Crown PS-400
power amplifiers. Because the voltage levels outputted from the amplifiers (~7Vrms) is
still not high enough for relay testing (69.3V), power transformer are then used in reverse
to obtain a high enough signal. The current signals, which are actually voltage signals in
the playback process, are fed to current transformers (also in reverse) in order to obtain

the nominal SA current signals needed for relay testing.
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The playback system implements a command procedure which analyzes the EMTP
output file and converts the data to the proper form for processing. The playback process
requires control and data files which are derived from the EMTP output file. The first
step in the procedure is the compilation of the EMTP data file to obtain an output file.
The command procedure is then implemented at this point in the process. First, a
FORTRAN file skims through the EMTP output file, collects the bus voltage and branch
current data, and compiles this data into a playback data source file [6]. The rest of the
command procedure involves compiling the source data file into machine codes. The
source data file is compiled and linked to the assembly code file for playback during this
procedure. The assembly code file, as well as a control program which is used for all
cases, is then downloaded to the control computer for playback. The following procedure

illustrates the necessary commands for playback:

EMTP input file name - STABLE DAT

§ em stable.dat //creates EMTP output file STABLE.QUT

$ rename stable.out batchl.out

$ run batchl /lruns FORTRAN file BATCH1.FOR,
//creates source file BATCH1.SRC

$ rename batchl.src stable.src

$ a6 stable.src /[creates object file STABLE.OBJ
$ 16 stable.oby /lcreates assembly code file STABLE.ABS
Ctrl-A ' //in order to enter operating system

15



>lo;x=ty control.abs //downloads control program-

//[CONTROL.ABS
>lo;x=ty stable.abs //downloads STABLE.ABS
>G 4000 //stores data in memory location 4000

The playback system output signals then undergo two steps of amplification. First,
the signals are amplified by Crown amplifiers. In the second amplification step, the
voltage and current signals undergo separate amplifications: the voltage signals are fed
into a power voltage transformer, and the current signals are fed into the Doble Transient
Current Sources. In the case of the voltage signals, the gain of the Crown amplifiers is set
so that the output (input to the voltage transformer) is about 6.9 V. The resulting output
voltage from the transformer is around 69.3V, which is the required line-to-neutral voltage
for the DGP system (120V line-to-line / v3).

Although this system is an effective way of playing back signals at real time, there
are a few drawbacks. The manner in which the system is set up allows for only voltages
to be played back. Thus, the branch current (from synchronous generator) is actually
outputted as a voltage by the playback. When these “current” signals are connected from
the power amplifiers to a current transformer in reverse, the result is a voltage source
driving a short circuit. This method is still effective in obtaining the desired SA current
signals for relay testing from the current transformer “secondary” side (actually primary
side because of reverse configuration). The output voltage signals are also too small for

relay testing, resulting in the use of power voltage transformers in reverse. Another
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drawback is the fact that the transient output must have a specific “sampling rate”,
meaning a time-step interval (deltaT) and output rate (Iout) equivalent to 125 samples per

three cycles.

2.4 The Doble Test Instruments

As mentioned in the introduction, the Doble F2375 Transient Current Sources
replaced the current transformers, resulting in a more accurate method of testing the two
relays. The F2375 system is a direct coupled transconductance (voltage to current) power
amplifier [7]. Driving power system protective relaying or control systems with transient
waveforms is a typical application of these instruments. The F2375 can easily supply the
necessary 5 A required to test the relays, and can actually supply up to 12 A continuously.
The F2375 requires a low level analog input signal, which is supplied by an external
source. In this case, the external source is the output of the Crown amplifiers, which are
connected to the appropriate pins of a 37-pin F2375 interface cable (one per phase
connected to each F2375) [7]. Thus, these sources simulate three-phase transient
currents, which are fed into the two systems being tested-the DGP and the EX2000. The
current inputs of these systems are connected in series, so that each system views the same

current.

2.5 EX2000 Digital Exciter
General Electric’s EX2000 excitation system is a control tool used to limit

generator operation. The EX2000 consists of three parts: the power potential transformer
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(PPT), the three-phase full-wave inverting thyristor bridge, and the control core, which is
the focus of this thesis. The PPT supplies power to the exciter through its connection
directly to the terminals of the generator [8]. The output of the PPT is connected to the
input of the inverting thyristor bridge, which provides both positive and negative forcing
voltage for optimum performance [8]. The control core controls the ac terminal voltage
and/or the reactive volt amperes of the generator by controlling the field excitation [8].
The EX2000 also contains protective functions such as the loss of excitation protection
function, which is the scope of this thesis.

The control system contains both a generator terminal voltage regulator and a
generator field voltage regulator, known as the automatic or ac regulator and the manual
or dc regulator, respectively [8]. During dc regulator operation, a constant generator field
voltage is maintained regardless of the operating conditions on the generator terminals.
During ac regulator operation, a constant generator voltage is maintained under varying
load conditions [8].

The Potential Transformer Current Transformer (PTCT) card is an essential part of
the EX2000 excitation system. This board is used to isolate and scale the secondary
voltage and current signals from the PTs and CTs (primary-to-secondary transformers on
a real power system) [8]. In the playback system setup, the amplified voltage and current
signals (from the PTs and CTs in reverse) are connected to the input terminals of the
PTCT card. The low-voltage output signals of this card are fed into the EX2000 control

core via a 50-pin connector ribbon cable.
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As mentioned above, the EX2000 also contains several protection functions, such
as loss of excitation and overvoltage functions. The loss of excitation protection function
consists of two impedance relays, with characteristics similar to those in Figure 2.1. Each
relay has a time ‘de]ay setting, as well as an output parameter, which can be viewed on an
oscilloscope to detect relay operation.

The pickup settings for these functions can be entered into the excitation system
through the use of the EX2000 programmer keypad. The programmer keypad allows an
operator to control the exciter by examining exciter parameters, inputting alphanumeric
data, and running diagnostics [8]. Thus, software adjustments can easily be made through
the use of this operator interface system. The programmer also provides a digital display

which gives readouts of fault codes, status, RAM values, and EEPROM values.

2.6 Digital Generator Protection System (DGP)

General Electric’s Digital Generator Protection System (DGP) is a proven multi-
functional generator protection scheme which employs microprocessor-based technology
once waveform-sampled data related to a power system is obtained. Thus, the DGP
provides a numerical relaying system with a wide range of protection, monitoring, control,
and recording functions [9]. The EX2000’s loss of excitation function performance is
compared to that of the DGP’s in this thesis.

The DGP, unlike the EX2000, does not require the use of an external PTCT card,
thus, allowing for a direct connection from the PTs and Doble units. Instead, the DGP

employs two magnetic modules, which each contain two CTs and two PTs. The DGP
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also differs from the EX2000 in that it contains four trip output contacts and four alarm
output contacts. Of course, the major difference between the two systems is the fact that
the DGP is an extensive relaying system focused mostly on protection, while the EX2000
is more concerned with the control aspects of the generator.

The DGP, like the EX2000, provides a user-friendly keypad from which control
and protection function parameters can be accessed. This keypad is called the Man-
Machine Interface (MMI). The MMI allows the operator to enter settings, access data, |
and test outputs [9]. The DGP also has LED displays for all its relay protection functions.
Thus, when a trip of a function occurs, it is indicated on the LED display for that

particular relay, and a trip message is also displayed on the MMI.

2.7 Negative-Sequence Current Algorithm

Protection against prolonged faults or unbalanced loads is necessary in any power
system. A negative-sequence, overcurrent relay is designed to protect generators against
possible damage from unbalanced currents resulting from the above conditions. Sampled-
data techniques can be used to evaluate these unbalanced currents, and thus prevent
damage to the generators.

An algorithm has been formed and tested to perform such a task. This algorithm
determines the magnitudes of the positive- and negative-sequence currents. If the

magnitude of the negative-sequence current reaches a certain level due to an imbalance,
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