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ABSTRACT
The application of protective velays o series-compensaied fransraission lings has presented the

zalest ghﬂlﬁmgc for the last 40 vears to manufacturers and utility engineers responsiblie for the
design, selection, and application of such systems. Proper application of high speed relay
systems with secure directional decisions is required for series-compensated fransmission lines.
This paper will describe the challenges that series-compensated transmission lines present to
protective relays, and the importance of transient testing such systems using Electromagnetic
Transient Program (EMTP) data. The paper will describe improvements of relay system
directional clements and logic based on advanced testing methodologies and field experience. In
the appendix, the authors discuss EMTP modeling considerations as they apply to system
protection studies.

INTRODUCTION

Series-compensated lines are used in high voltage (HV) and extra high voltage (EHV)
fransmission systems to increase the power transfer capability, improve system stability, and
reduce transmission line losses. The series capacitors may be installed at one end of the line,
both ends of the line, or in some cases in the middle of the transmission line. The level of
compensation is typically between 25 to 75% of the transmission line impedance.

Transmission lines are inherently inductive. The purpose of a series capacitor 1s to reduce part or
all of the transmission line inductance. In a power systemn network without series capacitors,
faults are inductive in character and the current aiways lapgs the voltage by some angle. Thisis a
basic assumption in conventional protection schemes. Transmission line protection schemes,
such as directional comparison, phase comparison and current differential, are generally
designed for inductive networks. Series capacitors introduce a capacitive reactance in the
petwork and an inductive nature of the fault current cannot be assured for all types of faults or
fault locations. Therefore the mireduction of capacitive elements could affect the security and
dependability of conventional protection schemes. Line profection may fail to operate, or may
operate meorrectly due fo the presence of capacitive reactance in the network; this can occur on
the compensated line as well as on adjacent transmission lines.

Series compensation is typically applied to transmission or interconnection lines. These lines
demand sub-cycle operating times, and reliable directional decisions. The directional decisions
are used in conjuncton with communication-aided protection schemes to determine whether
faults are internal or external to a protected transmission line. A secure decision is needed in
order o assure fast clearing of faults, preserve system stability, and minimize the extent of



equipment damage. Misoperation of protective relays in such applications can resuit in a
degraded power system condition, and eventuaily iead to 2 major power system disturbance.
Beczuse of that, advanced testing of the protection system during the design and comrmissioning
stages of a project 1s critical.

Protection of the series capacitor bank itself includes spark-gaps, metal oxide varistors(MOVs),
current limiting devices, and bypass switches. Operation of spark-gaps and conduction of MOVs
introduce transients and unbalances that must be taken into consideration to ensure that the
integrity of the protection scheme will not be adversely affected.

Series capacitor banks with spark-gap overvoltage protection are fypically set to flssh over at 2
voltage level of 2.5 t0 3.5 times the nominal rated voltage of the capacitor bank. The spark-gaps
do not flash ;nstama&,seouﬂy following the occurrence of a fault, and do not flash at all under
some fault conditions. The time to gap-flashing is ofien longer than the operating time of high
speed line pm?:ection. Gap operation and subsequent seriss capacitor reinsertion generates high
frequency transients that could impact the performance of Hne protection.  Even though gap
flashing restores the inductive nature to the network, based on the above abservations, protection
complications are still present and must be evaluated using advanced transient testing which
models the network behavior as closely as possible to the real power system.

Metal oxide varistor overvoltage protection of series capacitors, on the other hand, introduces a
different set of problems for line protection. These devices are always in service and are not
bypassed during faults unless the energy absorbed by them exceeds their design ratings. The
MOVs present a nonlinear behavior by design. During normal load flow conditions the MOVs
do not conduct and they present 2 very high impedance in parallel with the series capacitor bank.
The protective level of MOVs is 2.0 to 2.5 times the rated peak voltage of the capacitor bank.
During faults, the voltage across the MOV can exceed its conduction level and the impedance of
the MOV reduces considerably which allows current to flow through the MOV and protect the
series capacitor from overvoltages. When the voltage 1s below the conduction level the MOV
stops conducting and the capacitor bank 1s effectively reinserted. The conduction and non-
conduction periods during a power system cycle generate transients of a different type in the
network, which are softer in nature than the ones caused by spark-gap flashing. However, relay
systems must be able to cope with gap flashing as well as with MOV conduction transients since
MOVs could be bypassed by paraliel gaps designed to protect the MOVs during heavy close-n
internal faults that could generate energy levels much higher than could be absorbed by the
MOV without damage.

Conventional operating principles for directional detection may not satisfy the requirements for
improved sensitivity and fast operation under varying system conditions, A method for
directional detection based on the fransient phenomena and a directional comparison protection
svstem using this method is presented in the paper. The method uses superimposed components
derived from pre-fault and fault current and voltage samples. This paper describes some
advanced testing methods of a numerical directional comparison protection system applied to
serigs-compensated fransmission lines.

PrROTECTION I8SUES RELATED TO SERIES-COMPENSATED LINES

A number of technical papers [1-3] discussed many of the protection issues associzted with
series-compensated lines. The authors of this paper present issues related to senes-compensated
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line protection with more erophasis on issues related fo directionsl comparison relays using

supermposed components.

The effect of series compensation on fransmissicn line protection depends on the location of the
series capacitors, the degree of compensation, network configuration, and line parameters. The
most common effect of series capacitors i1s voltage inversion or voltage reversal. Yoltage
mversion occurs at the bus if the negative reactance of the series capacitor 18 greater than the
positive reactance of the line section to the fault location. Figure 1 shows a typical voltage
inversion at Bus 5 assuming & three phase fault with X <X
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Figure 1: Voltage Inversion at Terminal S

In Figure 1, the voltage applied to the relay at terminal § is 180 degrees out of phase from what
would be considered the “normal” position. In addition, a pont further back into the system will
experience a zerc voltage point and could impact the operation of relay systems on nearby
transmission lines even though these lines may not be series-compensated.

Figure 2 shows an EMTP-generated typical voltage inversion for a line to ground bus fault with
line side capacitive coupled voliage transformers (cevis). The fault was applied at a voltage peak
point on wave.
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Figure 2: Voltage Inversion at Relay Location

Figure 3 shows the voliage across the capacitor bank for the same fault. This series capacifor is
rated 1,800 Amperes, 24.96 Chms, and a protective level of 4,800 Amperes. This translates to a
gap-flashing voltage of 169,434 Volts pesk. Notice that the peak veltage never reached the gap-
flashing level.
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Figure 3: Voltage Across the z-phase Series Capaciior

The transients generated for the same a-phase line-to-ground fault with the fauit iitiated at a
different point on wave could be drastically different. Figure 4 demonstrates the voltage reversal
at the relay location for a short period of time and & subseguent gap flashing of a-phase series
capacitor bank. In Figure 5, the voltage across the series capacitor bank is plotted and it clearly
demonstrates that a totally different set of input signals would be seen by the protection system.
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Figure 4: Voltage Inversion at Relay Location and Subsequent Gap Flashing

Figure 5 shows the voltage across the series capacitor and the asscciated high frequency
transients due to gap flashing. The peak voltage across the series capacitor reached 2 level just
above the gap flashing level and triggered series capacitor bank shunting through the spark-gap.
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FigureS: Voliage Across the a-phase Series Capacitor with Gap Flashing Transients



Figures 6 znd 7 show the fault current through the series capacitor bank for the fwo faulis
described above, one at voltage peak and the other at a voltage zevo.
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Figure 7: Current at Midway End - Fault Applied at Voltage Zero
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The fault current through this capacitor bank never reached the peak protective level of 6,788
Amperes. The gap flashing was due to the mnitial charge present in the capacitor bank prior to
fault initiation.

Current inversion could also take place in a series-compensated network. Current inversion can
occur when the fault current flowing into the line for an mternal fault is capacitive rather than
inductive. This takes place when the reactance from the fault point to and including the source
reactance is net capacitive. Figure 8 shows a simple network in which X¢ is larger than Xs and a
three phase fault right in front of the senes capacitor will present a net capacitive reactance and
cause a current inversion at terminal S.

= V.4 4V £
1 s ®
is ﬂiw_m e ir
E is . ir E
— P I el R LN
{ ("\J i i :1/ J ?ﬁmm ;__\,,( ,f\J }
NS/ . e
s % X &

S
>N
Figure &: Current [nversion at Terminal §



Conventional distance-based directional comparison schemes would not operate for thus mternal
fault as the relay at terminal S would detect a reverse fault. Whether line-side or bus voltages
are used for distance relays makes no difference in establishing the direction of this faulf. Pnase
comparison and current differential schemes will also not operate for this internal fault. To
protect for such faults, relay manufacturers have included modifications i their designs so that
relay systems can cope with the problems of voltage and current mversion. Current mversion is
a rare occurance and can be avoided by proper location of the series capacitor bank. However,
this may not be feasible for economical reasons.

The effects of the series capacitors arc not limited just to the power system frequency
phenomena. Series capacitors and their associated protective devices such as parallel spark-
gaps, current-Hmiting devices, and metal oxide wvarnstors are serious trausient generators,
producing zn exchange of high frequency curvent through various parts of the power system
when the gaps flash or when the metal oxide varistors conduct. Other 1ssues alsc arise from
asymmetrical gap flashing which creates unequal impedances between phases, 1.e., when only
one phase of the capacitor bank is bypassed during 2 line-to-ground fault,

Series capacitors could also interact with other power system elements and cause subharmonic.
and subsynchronous resenance conditions. These types of conditions, apart from been harmful
0 power system components, could impact the dependability and security of relay systems. The
decaying low frequency transient component present in faults involving series-compensated lines
could also impact the reach of zone one distance relays. This is due to the fact that the transient
mmpedance trajectory from the load point to the fault point is not instantaneous, and could take
some time due to 2 spiraling effect.

Steady state short circuit programs are typically used to calculate settings for relay systems.
Steady state calculations become difficult when MOV conduction, resonance conditions, or
unequal gap flashing take place during faults on a senes-compensated network. These
complexities, in addition to generated transients as have been shown earlier, make the calculation
of settings based on steady state programs highly questionable. For these reasons, some ufilities
for a number of years have required a comprehensive series of transient performance tests to
demonstrate the speed, dependability, security, and settings of protection systems applied on
lines with series capacitors, or lines adjacent to series-compensated lines.

To ensure that the sclected protection system will perform correctly in systems with series-
compensated lines, it is recommended to perform a series of transient performance tests to
demonstrate the speed, dependability, security, and setting spplicability of protection systems
operating in such an environment.

FunDAMENTAL CONCEPT OF SUPERIMPOSED COMPONENTS

Conventional directional detection methods are based on the changes in the phase relationship
between a measiured phasor and a reference (polarizing) phasor. This approach has been applied
successfully for many years. However, because of extensive filtering requirements in order to
obtain a correct measurement, it may not be applicable when very high speed fault cleaning is
required. The effect of current and voliage reversal may also result in incorrect relay operation.
Alternative solutions for high speed divectional detection based on the transient response of the
power system when a fault occurs have been considered for more than twenty years.



The transient phenomenz based directional wave detector is based on the companson of the
relative polarnities between the current changes Ai and the corresponding phase-delayed voitage
changes Av directiy afier the faukt which vields the direction of the motion of the first traveling
wave and 1s used in 2 digital directional comparison protection relay. Figures 92 and 9b show
the Al and Av measured by the relay for a forward and a reverse fault.

The forward direction for the relay is considered to be from the bus into the line. It can be seen
from the figures that for a forward fault the Al and Av have different polarity. This 1s due to the
{act that the transient current and voltage waves traveling from the fault location towards the
svstem cause changes with different polarity in the currents and voltages at the relay location.
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Figure 9b: Al and Av Measured for a Reverse Fault

For a reverse fault the changes of the currents and voltages measured by the relay have the same
polarity.

When a fault, such as a short circuit, occurs in the electric power system, it leads to a dynamic
transition from the normal system condition to a fault systern condition. The currents and
voltages measured by the relay will change as a function of the pre-fault system condition, as
well as the parameters of the fault; fault type, fault location, fault resistance, etc.

The superposition theorem 15 one of the fundamental tools in circuit analysis. It 15 typically used
to find the solution to networks with multiple sources. Its main advantage is that it does not
require the use of complicated mathematical operations to calculate the currents and voltages in
any location of the power system. Under the superpesition theorem each source and its effect 1s
considered independently.  Then the results are summed to determine z particular unknown
quantity. The current measured by a protective relay at 2 certain Jocation of the power system
will



be the sum of the currents produced independently by each of the sources in the system. When a
fault occurs it the power system, the superposition thesrem allows us to consider the currents
and voltages measured by the relay (Fig. 10¢) as the sum of all sources in the power system and a
fictitious source 2t the fault location.

The fictitious source (Fig. 10b) is equal in magnitude and opposite 1 polarity to the pre-fault
voltage at the fault location. This fictitious source 1s applied to the system at the faclf inception
time zero. It resulis in changes in the magnitude and phase angle of the currents and voltages
measured at the relay location AL{t) and Av(t). The changes in the currents and voltages
measured are directly related 1o the fault. In general, ALt} and Av{t) can be considered as
containing fwo components, a steady-state component and a transient compenent. Heowever,
directly after the fault inception the transient is the prevailing component.
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Figure 10c: Network with Fault Figure 10d: Superimposed Extraction

Superimposed components can be used for system analysis if the fault system condition is
caused by a single event (the fault inception) and no other simultaneous event has occurred. In
this case the faulted network state can be considered as the result of the superposition of the pre-
fault and the fault generated quantities. The technique depicted in Figure 10d is used to extract
the superimposed power frequency signals,

AV, =V, -V,

Al =1

e " lpe

,, - pre-fault voltage at relay location



i, - fault current at relay location
v, - fault voltage at reiay location
AL - fault generated current at relay location
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Av, - fault generated veliage af relav location
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Figure 11: Superimposed Current and Voltage Derivation

The use of supenimposed components in protective relays eliminates the effects of heavy pre-
fault load flow in the directional and phase selection algorithms. However, superimposed
component directional and phase selection decisions, must be supplemented by conventional
algorithms since superimposed signals last approximately one cycle of the power system
frequency.

NEED FOR TRANSIENT TESTING OF MODERN RELAYS

When faults occur on a transmission line, traveling waves and resonances occur in the power
system. These traveling waves and resonances distort the fundamental veltage and current
signals. Most of us are aware of the exponentially decaying dc component present in current
waveforms during faults and one can think of it as a “low frequency transient.” However, “high
frequency transients” are alsc present due to the traveling waves and theirr reflections at
discontinuities. The high frequency fransients are associated with HY and EHV transmission
systern shunt capacitance, and the low frequency transients with series capaciiors. The
frequency of oscillation of “high frequency transients” due to short circuits depends on many
factors such as Hne length, strength of source impedance and type of source, and fault type.

During the first cyele following a power systern fault, high speed protective relays are expected
to make 2 correct decision 25 to the presence and location of the fault in order to preserve system
stability and to minimize the extent of equipment damage. The majority of protective relays
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make their decisions based on 50 or 60 Hz fundamental frequency voltage and current signals.
However, it is precisely at this moment that the voltage and current signals are badly corrupted
by fault-induced transients in the form of an exponentally decaying dc component and with
frequencies above and below the fundamental power systemn frequency.

The transient compoenents of fault cuwrents and voltages that relay systems roust withstand
reliably have substantially increased due to the utilization of EHV transmission systems, series
capactitors with their associated protective equipment such as gaps and metal oxide varistors, and
shunt reactors and capacitors. Transients generated on the HY and EHV network due to series
compensation and the associated protection problems was discussed earlier in this paper.

The sxpansion of power systems and their growing degree of complexity have made increasmgly
severe demands on faster and more advanced protective relays. Electrornechanical protective
relays were relatively siow, and therefore transient phenomena of the power system did not
decisively influence their operation. On the other hand, modern high-speed microprocessor-
based protective relays with operating times of 4 to 25 ms are expected to make a correct
decision utilizing signals of the power systems immediately after the fault. This means that 2
careful investigation of the influence of transient phenomena is necessary.

From a relaying point of view the following are worth noting:

e Currents and voltages are sensed through cts, covis or vts. These devices, especially
covis where noise content greater than 1000 Hz may not actually appear at the relay
terminals, have a limited frequency response. However, the secondary side wiring may
have resonances, or noise-pickup not present on the transmission lines itself.

o Modem solid-state and microprocessor-based relays are inherently more sensitive to
transients than their electromechanical counterparts since magnetic and mechanical time
constants are not present. Frequencies that cause problems for protective relays are the
ones close to the fundamental frequency, which are more difficult to filter out. The
electromechanical relays act as low pass filters and therefore are not affected by noise
above 200-300 Hz.

e It is easy to filter out almost all noise, leaving only the fundamental frequency signal.
However, this could take a long time before the output settles to the post-fault steady-
state signal. To obtain a fast response from: the filter we must allow more noise through
it: a fact of nature.

FIELD EXPERIENCE WITH RELAYS APPLIED TO SERIES-COMPENSATED LINES

PG&E has been testing relay systems for EHV series-compensated lines using EMTP transient
data since 1984. One of the reasons was the realization that the transient response of relay
systems differs considerably from what one could deduce from steady-state analysis and tests.
During the last 14 vears a number of deficiencies were discovered in 2 number of relay systems
(different manufacturers), and were corrected by the manufacturers of these systems. Quoting
from reference {2],  sooner or later every relay system displays a shortcoming.” This 15 a lesson
that every protection engineer learmms. What makes the difference is that some manufacturers
admit more easily to their relay system shortcomings and are willing to work diligently with the
customer to resolve these limitations and improve their products.

=



Transient testing of these systems 18 also used as a means to verify the correctness of applied
seitings. As we discussed earlier, it 1s nearly impossible fo determine settings using steady-state
short circult programs in a system that contains nonlinear elements, unbalanced impedances due
to asymmetrical gap flashing, decaying low frequency transients, gap flashing transients, and
many other phenomena that could influence the dependability and security of the line protection.

Transient testing using EMTP data was performed at a manufacturer’s facility after PG&E’s
techmicians had verified all the winng termmations to the appropnate terminal blocks at the back
of the relay system cabinet. A large number of internal and extemnal faults were applied to the
relay systems testing all types of fault combinations as well as testing for faults at different
incidence points on wave. Gther types of tests included testing for high resistance ground faults,
evolving faults and cross-country faults. In addition, proper operation of the relay system was
verified during line energization, de-energization and single phase ripping and reclosing.

Many relay performance improvements have been realized over the years. Had the relay systems
been applied in series-compensated lines without performing these tests, they would have caused
problems while 1 service. Therefore, using transient data to test these complex relay systems
helped to identify certain shortcomings and to improve the performance of these systems.

Two representative cases are listed below to make users aware of potential problems, and as a
justification of why transient testing of these systems is a necessity and not a Iuxury:

Case {:

Relay tripped all three phases for a single phase to ground fault. In other instances the relay,
while in three phase tripping mode, and set to block autoreclosing on multi-phase faults, blocked
autoreciosing on a line-to-ground fault.

The cause of this unwanted three phase trip and reclose blocking was due to loss of phase
selection due to higher than anticipated non-fundamental frequency transient current in one of
the healthy phases. Figure 12 illustrates this point. Operation of the third Alph-ph relay element
following the operation of the other two elements was the basis for loss of phase selection
following a correct initial phase selection

Doita Ph-Ph Currants
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Figure 12: NMpn-Fundamental Frequency Transient in Healthy Phases



A sigmficant, non-power system frequency, phase-phase current transient can circulate m the
healthy phase conductors when a single phase-to-ground fauit occurs on another phase in seres-
compensated transmission networks. The magnitude of such a2 transient waveform has been
found to be far greater than any power frequency current change between heaithy phases. It was
also found that the Alph-ph current fransient varies considerably with variations of incidence
angles. In addition, asymmetricael gap flashing enhanced the magnitude of the Alph-ph current
fransient.

The above poinis are tllustrated in Figures 13 and 14.
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Case 2:

Potential rmsoperation of the relay could occur during consecutive, remote power system
disturbances while the relay logic is recovering from the initial disturbance. This was observed
using the permissive overreach logic with weak infesd.
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The above diagram is a visual summary of a scenario that may result in an incorrect trip of a
directional comparison relay scheme looking toward a remote fault which is cleared slowly.

This problem can arise during a slow clearance of a remote external fault which causes
directional element response of the relays protecting a healthy line, but there is no reverse
mmpedance element response.

A second remote disturbance within approximately 7-12 cycles after the initial one, might resuit
n a misoperation of the relay seeing a forward fault if the reverse impedance elements at the
remote end of the line have not operated. Such a scenario may arise with time-dejayed clearance
- of a remote fault. This problem can only oceur if the remote fault is cleared more than 7 cycles
after fanlt inception, since the directional elements may reset after this time. The clearance
must, however, occur within 100 ms of reverse directional decision reset. However, if the
reverse impedance elements detect this external fault, the directional elements are not permitted
to reset until the reverse impedance elements reset, which will only be possible after external
fault clearance.

The problem stems from an inappropriate echo of the signal received by the relay looking away
from the fault. The echo arises as a result of an internal 100 ms delay on reset of the “signal
receive” status. The reverse directional decision resets automatically after a set number of cycles
if no relay trip occurs or if no reverse impedance element has seen the fault disturbance. Signal
echo ocours after reverse directional decision reset, since weak infeed conditions for an in-zone
fault are seen, i.e., no direchional decision plus signal received. The mappropriate signal echo
following the occurrence of a remote fault is of no consequence unless the relay that receives 1t
sees a second forward disturbance while the signal is being received. This may occur if a remote
fault is cleared, or another fault cocurs within this critical period.
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Figure 16: DCPP Misoperation for 2 Remote Fault

Figure 16 visually represents a scenario of a problem with the existing permissive overreaching
scheme weak-nfeed logic that occurred on the PG&E systern on July 14, 1995, The 500kV line
between DCPP and Midway was incorrectly tripped following clearance of a remote single
phase-to-ground fault on the South California Edison (SCE) system.

It does not appear that this problem was caused by a second forward disturbance while the relay
was receiving echoed signal following an mitial forward fault. The imtial remote ground fault
on the SCE system was actually cleared at high speed. The problem seems to have been due to
prolonged reset of the forward directional elements at the DCPP end. Unfortunately, it was not
possible to capture the front-end of this event with the digital fault recorder (DFR) at DCPP and
replay the entire event to the relays, and analyze their respense. It was possible, however, to
demonstrate slow reset of the reverse directional decision at Midway sub using the DFR data.
EMTP test data supplied to the manufacturer at a later time and additional DFR records for
external faults demonstrated slow resetting of the forward and reverse directional elements.

In the original design, reverse directional decision thresholds are set lower than those for forward
decision making elements, In addition, if no impedance elements operate for a remote fault, the
resetting time of the reverse directional decision 1s set longer than the resetting time of the
forward directional decision. Despite this design strategy, subsequent transient testing using
EMTP data has shown that it is possible for 2 relay at one end of the line to experience an
extended forward decision reset timne wath respect to the reverse decision reset time of the remote
relay terminal following a remote external fault on s series-compensated power system.

Subsynchrenous power systermn oscillations are characterized by the oscillatory exchange of
energy between the series capacitance and the series inductance of the system. Subsynchronous
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modulation of voliage at any relay location is a function of the local source impedance
magnitude. There is no guarantee that the highest voltage changes wili be seen by a relay which
is resetting from a reverse decision. Therefore, a relay resetting from a forward decision may see
higher subsynchronous voltage changes and may lead 1o longer extension of 1is resetting time in
relation to the reverse resetting time of the relay at the remoie end of the line,

Based on this tncident, extensive EMTP based simulations and testing were performed, and the
following improvemenis were made in the directional comparison relay:

= Improved the phase selection logic. This improvement also resolved the problem of reclose
blocking on single line-to-ground faulis.

e Improved the permissive overreaching fransfer trip scheme with weak infeed logic.

® [mproved the directional element resetting strategy.

CONCLUSIONS

1. Fault-induced transients make the studv of relay system performance for EHV networks
based on the fundamental frequency concepts insufficient. Therefore it is imperative that
relay systems be fested transiently to determine their suitability for specific system
applications, especially for HV and EHV networks that contain series capacitors, metal oxide
varistors, protective gaps, thyristor contrelled sémes capacitors, or shunt reactors and
capacitors.

2. Field experiences and careful analysis of relay systern misoperations have repeatedly
demonstrated the need for EMTP transient testing.

3. Developers and users of protective relays must be aware of the challenpes that series-
compensated lines pose to relay systems, and must strive 1o design and type test relay
systems to ensure a high degree of dependability and security in their designs.

4. The use of EMTP to generate digital data for relay testing, using a playback mode through
D/A converters and amplifiers, is necessary for the correct application of relay systems and
assurance of correct relay settings and performance. Closed loop systems using real time
digital simulators are superior but not absolutely necessary.

5. Trust between relay manufacturers and users and a close working reiationship could lead to
substantial improvements of products.

BIOGRAPHIES

Myr. Demetrios A. Tziouvaras was bom in Greece and moved to the USA in 1977, He received
ms B.S. and M.S. degrees in electrical engineering from Umiversity of New Mexico and Santa
Clara University respectively.

Ir. Tziouvaras joined the System Protection Group of Pacific Gas & Electric Co. in 1980. He
held the position of Principal Engineer and was responsible for the application of new
technologies, design standards, and substation automation. He joined the Research &
Development Group of Schiweitzer Engineering Laboratories in August 1998,



Mr. Tricuvaras 18 2 senior member in the Institute of Electrical and Electronic Engineers {IEEE)}
and a member of the Power System Kelaying Committes of the Power Engineering Society of
IEEE. He is a member of two subcommittees and chairman of two working groups one on
EMTF Applications to Power System Protection, and the other on Mathemancal Models for
Current, Voltage, and Couplhing Capacitor Voltage Transformers.

Mr. Tziouvaras has anthored and co-authored numerous fechnical publications and taught
seminars in EMTP, protective relaying, and dipital relaying at the University of Illinois at
Urbana-Champaign and the California Polytechnic Institute in San Luis Obispo, Califorma. His
interests include digital relaying modeling, power system protection, and power system
transients.

Alexander Apostolov received the MSEE, MSAM and PhD. diplomas from the Technical
University in Sofia, Bulgaria. He has worked for fourteen years in the Protection and Control
Section of Energoproject Research and Design Institute, Sofia, Bulgana.

From 1990-94 he was Lead Engineer in the Protection Engineering Group , New York State
Electric & Gas where he worked on the protection of the six-phase line, application of
microprocessor relays, programmable logic and artificial intelligence in protection. He was
Manager of Relay Applications Enginecring at Rochester - Integrated Systems Division during
1994-95 and in 1995-96 he was Principal Engineer at Tasnet. He is presently Western Region
Engineering Manager for ALSTOM T&D. He is a Senior Member of IEEE and Member of the
Power Systems Relaying Commuittee and Substations Subcommittee. He serves on several IEEE
PES Working Groups and is Chairman of Working Group C3: New Technology Related to
Power Systems Protection. He holds three patents and has authored more than 70 technical
papers,

REFERENCES

[1] G. E. Alexander, . G. Andrichak, S. D. Rowe, S. B. Wilkinson, “Series-Compensated Line
Protection: A Practical Evaluation,” Proceedings of the 15® Annual Western Protective
Relay Conference, Spokane, WA, October 1988,

[2] Finn Anderson and Walt A. Elmore, “Overview of Series-Compensated Line Protection
Philosophies,” Proceedings of the 17" Annual Western Protective Relay Conference,
Spokane, WA, Getober 22-23, 1990.

[31 J.G. Andrichak, GE. Alexander and W.Z. Tyska, “Senes-Compensated Line Protection:
Practical Solutions, Westem Protective Relay Conference,” Proceedings of the 17% Annual
Western Protective Relay Conference, Spokane, WA, October 22-25, 1986,

[4] Demetrios A. Tziouvaras, “Analysis of Recent WSCC Disturbances and Recommended
1]
Protection Improvements,” Proceedings of the 52° Annual Georgia Institute of Technology
Protective Relaying Conference, Atlanta, GA, Mav 6-8, 1998,



[5] Demetrios A. Tzicuvaras; Chairman, Power System Relay Committee Working Group Paper
on “Mathematical Models for Current, Veoltage and Coupling Capscitor Voltage
Transformers,” Submitted m 1998 to IEEE Transaciions on Power Delivery.

ot
AN

6] D. Hou and J. Roberts, “Capacitive Voltage Transformers: Transient Overreach Concerns
and Solutions for Distance Relaying,” Proceedings of the 22nd Annua!l Western Protective
Relay Conference, Spokane, WA, October 24-26, 1995,

71 G.W. Swift, “The Spectra of Fault Induced Transients,” JEEFE Tirans. On PAS, PAS-88, INo.
3, Mav/June 1979, p940.

ey

(8] H.W. Dommel, ‘EMTP Theory Book,” Bonneville Power Administration.

L

9] B. W. Dommel, “Transformer Models in EMTR,” EM7TP Review, Yol 3, No 4, October
1985,

[10JH. W. Dommel, “Line Models in the EMTP,” EMTP Review, Vol. 2, No 4, October 1988,

[11JH. W. Dommel, “Ling Models in the EMTP-Part 2,7 EMTP Review, Vol. 1, No 1, January
1989,

[12]EMTP Workbook II, EPRI Report EL-4651, Volume 2.

113]1P. Kundur, “Frequency Dependent Network Equivalents,” EMTP Review, Vol Z, No. 3, July
1988.

17



APPENDIX

BowER SYSTEM MODELING CONSIDERATIONS

To accurately generate digital data with the use of computers, in order to determine the transient
behavier of protection systems applied in series-compensated networks, one must accurately
represent the electrical and electromechanical characteristics of the different power system
components, including their frequency dependence. This section describes some of the modeling
agpects to accurately model the transient behavior of the power system.

Network Eouivalent Representation

The study of electromagnetic transients often requires detailed modeling of complex
transmission networks.  However, detailed representation of large systems may require
prohibitive amounts of computer time. Therefore, it 1s common practice to represent in detail
only a small portion of the system and model the rest of the system with an equivalent network.

‘Whenever a complex system is represented in a simulation, there is always a question as to how
much further away from the study area should the rest of the system be represented. In all cases,
at some point it becomes necessary to simplify the representation of the remainder of the system.
A good starting rule of thumb for transient system protection studies is to mode!l the system in
detail one or two buses away from each switched line. In general, transient studies for the
evaluation of protective relays would require representation of the remainder of the system using
a Thevenin equivalent with surge impedance terminations, or a frequency dependent network
equivalent source model.

When modeling power systems in EMTP for protection studies, make sure the steady-state lme
flows and the short circuit magnitudes of the model match the solution from conventional load
flow and short circuit programs. To achieve this, you must do the following:

e  With all sources set at the same voeltage magnitude and phase angle, faults at every bus
should produce the same short circuit currents as obtained from a short circuit program.

e With voltages and phase angles adjusted, a steady-state solution should produce line flows
that are reasonably close 1o the line flows produced by 2 load flow program.

Thevenin Eguivalent Network Models

Thevenin equivalents are obtained from short circuit programs, or short circuit studies. To
obtain 2 Thevenin equivalent, it is necessary to have the total fault current for both single-line-to-
ground and three phase faults at the desired point with only the system equivalent portion of the
power sysiem o service. Modem short circuit programs can easily provide multi-port Thevenin
equivalents models for complex power systems. The user must remove from the system the
network elements that will be modeled in detail and simply request 2 multi-port equivalent at the
appropriate network buses.

EMTY sources include voltage sources behind equivaient source impedances, and actual rotating
machines. [nmitial source voltages behind eguivalent source impedances are often determined by
load flow study results. Equivalent source impedances are obtained from short circwt studiss.



Sequence impedances are then converted 1o the phase domain self and mutual impedances.
Strictly speaking, the above equivalent source impedances are not suitable for representation of
the network at frequencies other than the one for which they were sbtained (50, or 60Hz).

Transient studies often truncate the system model at & bus which has lines connected to it. The
Thevemn eguivalent circuit at this bus should represent not only the proper power frequency
impedance, but the impedances at higher frequencies as weil. The proper source equivalent is
often modeled as an inductance which represents the correct system frequency short circuit
current, in parallel with a surge resistance termination. If several lines terminate at the bus, the
surge resistance termination should be the equivalent surge impedance of the lines, 1.e., Z,.../n.
‘This resistance approximates the impedance seen by travelling waves entermg the n transmuission
lines connected to the bus. Power frequency network equivalents shunted with surge impedances
of the lines at the interfacing buses provide an improved high frequency model. However, its

e 1 1 - . foada S cam
performance iz poor gt low frecuencies and the steady state sclution is incomrect.

In addition,, most equivalents including frequency dependent ones are usually not meant to
represent nonimear behavior of the equivalent system. The equivalents are only suitable for
largely linear portions of the system, or for studies where the nonlinearities do not influence the
study results considerably.

Frequency Dependent Network Equivalents (FDNE)

The simple Thevenin equivalent network model discussed in the previous section is limited 1o a
single frequency (power frequency). A better representation in terms of frequency response can
be obtained by shunting the power frequency inductance with the equivalent surge impedance of
the lines attached to the bus. This produces an improved first reflection, but a degraded low
frequency behavior and an incorrect steady state solution.

FDNE programs are designed to defermine the equivalent of an extensive network of
transmission lines, linear branches, and shunts. The equivalent consists of a reduced number of
linear branches of lumped resistances, inductances and capacitances. The admittance of the
reduced equivalent mode! approximates the admittance of the original unreduced network over a
range of frequencies.

FDNE programs can construct single-port or multi-port equivalents as seen from one or more
three-phase buses. The multi-terminal capability solves one of the more difficult modeling
problems associated with the use of conventional single-frequency equivalents calculated by
short circultf programs.

The user should be aware that FDNE medels are based on a number of simplifying assumptions:

e All transmission lines are fransposed.

s Nonlinear effects like saturation or metal oxide varistor protection of senies capacitors
are neglected.
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Transmission Line Modsis

Transmission lines are a key component of the power system and their purpose 1s to fransmit the
power generated at remote sites to the load centers. As such, thelr operating voltage and length
¢an vary depending on network complexity and sysiem requiremnents. Iransnussion lines play a
critical role in the generation of transients and the following discussion will cover a number of
different models for use in protection system studies.

Overhead lines are represented in the EMTP by “line models” which are derived from the basic
series impedances and shunt admittances per unit length, The following discussion covers
EMTP steady-state and transient models for use in protection studies.

Line Models for Steady-State Studies

There are a large number of steady-state applications where fransmission lines need to be
modeled correctly at only one particular frequency. The EMTP has a number of models that can
be used for this purpose and one must know where each model is applicable.

A. Exact-pi Circuit Model
Any good textbook that deals with derivation of transmission line parameters will provide

formulas, such as the ones shown below, for the series admittance and shunt admittance of the
exact-pi equivalent circuit of a single-phase line:

S =R+ joL")-Isinh(y -/ (¢ -)

(jo -C*/2)-1-tanh(y -1/2)
(y-1/2)

Yonume 12 =

Where, R',L’,(’ are the resistance, inductance, and capacitance per unit length, /is the line
length, and v is the propagation constant which is equal to

Y =[R" +jo- L) jo-C7]

The above equations show that the admittances of the exact-pi circuit model can represent the
line accurately at one specific frequency. This model is a lumped parameter model and it is good
for only one frequency of interest and one particular line length. This model includes the
hyperbolic corrections with no approximations involved and is the best model for steady-state
solutions and for frequency scans. This model takes into account the skin effect and ground
return corrections. It is a multiphase model in the phase domain and 1s correct for any number of
circuits in the same right-of-way. However, this model 1s not adeguate for transient studies.

B. Nominai-pi Circuit Mode!

This model 15 derived from the exact-pi model by not taking into account the hyperbolic
corrections. It does take into agcount the skin effect and ground refurn corrections. It is a
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muitiphase model in phase domain with constant B, L, C, and G of the hne and is correct Tor any
number of circuits i the same right-of-wzy. The line is automatically represented as
untransposed, and the user cculd model particular transposition schemes in great detail by
cascaded connection of nommnal-pi circult models.

Therefore, this model has the same limitations as the exact-pi model, in addition to been limited
for short lines 1.e., less than 150 kilometers at 60 Hz and less than 5 kilometers at 2 kHz. It
cannot represent frequency dependence of line parameters in frequency scans, and catnot be
used for “electrically long” lines. The line should not be extremely short, because the series
admittance becomes extremely large and then swamps out all other admittances m the network.
This model 15 not good for transient studies. However, it has been used for transient studies by
using a number of cascaded nominal-pi models.

Line Models for Transient Studies

Distributed and frequency dependent parameter models are best for transient studies. They use
traveling wave solutions, which are valid over a much wider frequency range than pi-circuit
models. On a three phase transmission line, the surges travel in a number of distinct modes
depending on whether the line is transposed or not and whether it is mutually coupled to other
transmission lines. On a balanced three phase line, the waves travel in two distinct modes: a
phase mode and a ground mode. The phase mode travels at approximately 99 percent of the
speed of light and the ground mode at a much lower speed. This means that each mode
infroduces a different noise frequency. The ground mode wtroduces lower frequencies due to
the fact that it travels much slower than the phase mode. The ground mode also attenuates much
more quickly than the phase mode, which can be deduced by examining the decay rates of these
two modes (L. /R, and L/R,). From the above discussion, one can conclude that the phase mode
is the one that generates the dominant noise frequency during faults.

While nominal-pi circuit models handle untransposed lines naturally, distributed and frequency-
dependent parameter line models require transformations between phase and modal quantities to
keep track of modal waves traveling at different speeds. Their only drawback up to now is the
need for approximations in the transformation matrix of untransposed lines. This is because the
transformation matrix is taken as real and constant and is less valid as asymmetry gets stronger.
This is the major reason why nomunal-pi models are still in use.

A. Nominal-pi Mode!

This model is not good for transient studies. However, it has been used for transient studies by
using a number of cascaded pi-nominal meodels as has been done in the past with transient
network analyzers. When used as such, this model has a big disadvantage of producing
reflections at the cascading points and of being computationally expensive.

To adequately represent the line over various frequency ranges, a large number of nominal-pi
cascaded sections should be used. As.a rule of thumb, one should use one section fo represent
the line up to 100 Hz, sight sections to extend the range up to 700 Hz, and 15-20 sections to
extend the range up to 1-2 kHz or keep the section lengths between 3-10 kilometers (2 kilometers
for frequency up to 5 kHz).
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8B Constant Parameier Distribuied Line Model

This line model assumes that the line parameters R', L', and O’ are constant. The L' and
(7 ere distributed and the losses B’/ are lumped in three places, which 1s reasonable as long
as R’-{ << Zsurge. The zbove conditions are met for positive sequence parameters to
approximately 1-2 kHz, but not for zero sequence parameters. It 1s a good mode! only where the
zero segquence currents are very small, or escillate with a frequency close to the one at which the
parameters were calculated. This frequency should not be very high to meet the condition R’ -/
<< Zsurge, otherwise the line must be split into smaller sections. The ransformation matrix to
decouple the propagation modes is taken as real and constant and is less valid as asymmetry gets
stronger. It is much faster than the cascaded nominal-pi circuit models and there are no
reflections within the line. Shunt losses are ignored in this model.

C. Frequency-Dependent Distributed Line Model

This model provides an accurate representation of the distributed nature of all line parameters, as
well as their frequency dependence. Therefore, the line parameters for this model are not
constant but are functions of frequency, i.c., R{e), L{(w), C(e) and G(e). All parameters are
distributed, including R’ and G’. The transformation matrix to decouple the propagation modes
is taken as real and constant and is less valid as asymmetry gets stronger. * This is the most
accurate model for use in transient studies. The user should still be aware of the limitations of
this model concerning the use of a real and constant transformation matrix to decouple the
modes.

In summary, the pi-exact model should be used for steady-state analysis. For transient analysis,
frequency-dependent { fd ) models should be used for the lines of main interest, and constant
parameter {( cp } models should be used for lines of secondary interest. For transient simulations,
if the asymmetry is very strong the constant and real transformation matrix assumption is poor,
and one should consider using the cascaded pi-nominal model. We should, however, be aware of
its limitations. In most cases of overhead lines the constant and real transformation matrix
assumption is reasonable and for transient studies better results are obtained by the fd and cp
models.

Transformer Modeis

The wransformer 1s one of the most familiar pieces of power system electrical apparatus, yet its
modeling still presents substantial difficulties. Its inductances are frequency and saturation
dependent. The distributed capacitances between turns, between winding segments, and between
windings and ground, procduce resonances that can affect the terminal and internal transformer
voltages.

Models of varving complexity can be implemented in the EMTP for power and mstrument
transformers.  However, none of the existing models can portray the physical layout of the
transformer or the high frequency characteristics introduced by inter winding capacitance effects.



Hysteresis effects have been incorporated in one model, the type 96 pseudo-nonlinear hysteretic
reactor, and eddy current effects can only be incorporated as a fixed resistor which means their

frequency dependence is totally neglected.
Transformers can be represented in three fundermentally different ways in the EMTP. They are:

s The ideal transformer model.
s The built-in saturable transformer moael.
e A model based on mutually coupled coils.

Tdeal transformers ignore all leakage by assuming that all the flux is confined in the magnetic
core. In addition, they neglect magnetization currents by assuming ne reluctance in the magnetic
material. The saturable transformer model eliminates these twoe restrictions, by considering that
around each individual coil a separate magnetic leakage path exists, and that a finile magnetic
reluctance path exists as well. The models based on matrices of mutually coupled coils can
represent quite complex coil arrangements but are somewhat more difficult to use.

These models are used in studies where the user is interested in relatively low frequencies up fo 2
kHz. At frequencies above 2 kHz the capacitances and capacitive coupling between windings
become very important. In fact, at very high frequencies the transformer behavior is dominated
by its capacitances.

The above basic twansformer models do not represent saturation, eddy current, and high
frequency effects with the exception of the saturable transformer model which has saturation
built directly 1nto the model. Saturation, eddy currents, and high frequency phenomena can be
represented separately by increasing the complexity of the above basic models.

Sometimes, if explicit representation of transformers 1s not required, the user needs to model the
effect of the transformer presence in the power system without any details about the transformer
itself. Thevenin equivalent representations in the sequence domain are well known and can be
used in these situations.

Transformer saturation characteristics should be modeied whenever it is anticipated that the flux
will exceed the linear region, about 1.0 per unit. This occurs quite often and must be considered
in cases such as transformer energization, switching of transformer terminated lines,
ferroresonance conditions, load rejection, and other studies.

The most commonly used representation is the single-valued nonlinear inductor which is an
integral part of the saturable transformer model. The saturable fransformer model allows for a
nonlinear magnetizing inductance to be placed at the star point.

With two and three winding transformers one can come up with an eguivalent circuit for the
transformer with a fictitious node where the magnetization branch could be placed. In
transformers with more than three windings, 1t is not quite possible to come up with a fictitious
node to place the magnetization branch and the nonlinear branch is placed at the transformer
terminals. This is also true i the case of the admittance and impedance models, where the
saturable branch 1s placed at the terminals of one of the transformer windings. In the admittance
and impedance matrix representation, this is easily done by adding any of the nonhinear
inductance models as extra branches. If the matrix already contains the effect of the unsaturated
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exciting current, then the added nonlimear industance moedel should only represent the difference
between unsaturated and saturated exciting current.

In the unssturated region, 1t makes iitle difference where the magnetizmg induciance 1s
cormected.  In the saturated region, where the slope of the flux-current curve becomes
comparable to the short-circult inductance { typically [ o 2.5 times L, for transformers with
separate windings, or 4 to 5§ times L, for autotransformers }, may make a difference where the
magnetizing inductance is placed. Compariscns of field tests and EMTP simulations on three-
legged core-type transformers have shown that results are matched best if the nonlinear
inductance is connected across the winding closest 1o the core (usually the tertiary winding or
winding with the lowest voltage rating).

The nonlinear inductor model works well for 2 number of simulations, although a number of
fumtations exist. This model does not represent hysteresis effects which means that remmant
flux in the core cannot be represented. As a result, inrush currents during energization cannot be
modeled accurately if the transformer had some level of remmant flux in the core before it was
energized.

Synchreoneus Machine Model

There are several types of generator modeis that can be used in digital simulation studies. The
models vary in the complexity in which the generator elecirical and mechanical systems are
modeled.

The simplest generator model that is used for transient studies is just a source behind the
generator subtransient reactance. 1his model is often used when the simulation lasts for only a
few cycles and the characteristics of the transmission lines and transformers dominate the results
of the study. This is a simple constant reactance model and the mechanical masses, exciter and
governor controls are not modeled.

A more complex model is when the synchronous machine electrical model is represented
completely, but a simplified single mass mechanical model is used with a moment of inertia J.
The generator exciter and gevernor controls may or may not be modeled. This type of model can
be used for temporary overvoltages near a generator due to a stuck breaker, stability studies,
simulation of geomagnetic induced cuwrrent through the neutral of a generator step up
transformer, and fault simulations near a generating plant when breaker failure or back-up
actions are taking effect around 10 to 20 cycles. For this time period the subtransient reactance
model may not be sufficient.

The most complex model is when the complete electrical and mechanical systems are modeled in
detail. The complete mechanical model is consfructed of separate masses for the turbine,
generator, with spring constants of the connecting shafts also modeled. The most common use
of this compiete model would be for subsynchronous resonance studies. In such studies the time
span is too long to allow the use of simplified models. Furthermore, the tortional dynzmics of
the shaft with its generator rotor and turbine rotor masses must be represented as well, Detailed
machine models could alse be used for other types of transient studies such as simulation of out-
of-step conditions.

The detailed synchronous machine model was developed for the typical design with three-phase
ac armature windings on the stater and a dec field winding, with one or more pole pairs, on the
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rotor. Even though the model was developed with turbine-driven generators in mind, it can also
be used for synchronous motors such as used in a pumped-storage plant. The EMTP also
inchides a umversal machine model 1o represent induction and other types of machines.

The electrical machine model 1s assumed to be a three phase balanced armature. Wye connecied
armature is the default model, and a grounding impedance can be specified without access to the
neutral point. The complete machine has two windings on the rotor d-axis, and two windings on
the rotor g-axis. The first winding on the rotor d-axis is the field winding, and the second is a
damper winding. The first winding on the retor g-axis is a damper winding, and the second 1s an
eddy current winding,

A. Fxciter Controf Models

Fai

Generators have an automatic way of controlling the voltage at their tenminals. Changes mn the
electric systemn conditions, such as variations on ivad or faulls that are cleared by tripping lines
and/or load, produce severe change in the machine voltage that can be controlled by changing the
field voltage of the generator exciter. This change is made autornatically by 4 control circuit that
measures the terminal voltage and compares it against a preset value. If there is a difference, the

field voltage is changed to keep the terminal voltage constant.
B. Governor Control Models

Another control device of the synchronous machine is the governor. The govemor regulates the
input power to the generator by controlling the valves of the turbine, trying to maintain a
constant speed in the shaft. Because of its mechanical control, and the large inertia of the
machine, its response is very slow compared to the automatic voltage regulator. This device
starts to affect the behavior of the generator after one to two seconds, depending on the type of
generator.

The exciter and governor controls can be modeled using the transient analysis of control systems
(TACS) which is part of EMTP

Other Modeling Considerations

Power systems contfain 3 number of non-linear elements such as transformers, metal oxide
varistors, lightning arresters, and current-limiting fuses. There are also a vanety of non-linear
loads. These elernents must be properly modeled to investigate system behavior under transient
conditions.

Power and mstrument voltage fransformers are comnected i parallel with the load. Their
magnetizing reactance is non-linear. Since the voltage in power systems is specified to stay
within a range of +5% of nominal voliage, power and mstrument voitage transformers are
designed to operate close to the knee point of the V-1 saturation curve. Under some adverse
operating or fault conditions voltages can increase beyond the +5% and cause saturation and
gdamage of major equipment[4].

Current transformers {(cts) are connected i series with the load. The ¢f magnetizing reactance 1s
also non-linear. Since currents that flow through cts can change from load currents to high fault
currents, cfs are designed to operate on the lower portion of the lingar region of the magnetizing
branch V-1 curve at load currents, and should be selected to operate on their linear region and not
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saturate for maximum expected fault currents mncluding the effects of dc decaying component.
However, under some conditions, ¢fs can saturate and mmpact relay performance.

Instrument transformers should be modeled in EMTP studies in order to access the relay system
performance, References (5] and [6] provide additional details on the modeling of instrument
transformers.
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