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Abstract

In some cases the coordination of ground time overcurrent relays in transmission line protection
applications can be difficult. The combined use of definite and inverse time overcurrent characteristics
sometimes provides significantly improved protection speed and sensitivity. If multifunction digital
relays incorporate both types of characteristics, there is no increase in cost or complexity of protection
equipment to provide the hybrid characteristics. Two cases are discussed where the use of hybrid
characteristics has achieved improvements. The application of hybrid characteristics may be limited by
difficulties in dynamic coordination. The technology to overcome the.dynamic problems is well
understood and is expected to appear in increasing numbers of commercially available products.
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COMBINED USE OF DEFINITE AND INVERSE TIME OVERCURRENT ELEMENTS
ASSISTS IN TRANSMISSION LINE GROUND RELAY COORDINATION.

INTRODUCTION,

North American utilities have widely applied inverse time ground overcurrent relay characteristics for
transmission line protection [1]. The operating time of inverse time overcurrent relays decreases as the
magnitude of current increases. The term "inverse" time relay [2] in this paper means that the time
current characteristic may have various shapes such as inverse, moderately inverse, very inverse and
extremely inverse. Conversely, definite time relays, where the operating time is independent of the
magnitude of current have been widely applied throughout Europe. Transmission line ground relay
coordination can sometimes be optimized by applying a combination of both types of characteristics.

This paper will discuss the background to the application of the different types of characteristics,
including the particular strengths of each type. Modern multifunction digital relays may include both
types, and the benefits of combined use are explored. Two examples are shown where combined use has
improved achievable speed and sensitivity settings while maintaining adequate coordination margins.

The conclusion is that engineers should investigate the combined use of the different types of
characteristics, particularly where they are easily available, and in difficult coordination problems.
Special care is needed when using combined characteristics to ensure they coordinate on a dynamic basis.

BACKGROUND
Scope

Coordination problems discussed in this paper are restricted to transmission line protection where ground
time overcurrent relays need only coordinate with other ground time overcurrent relays. In
subtransmission and distribution systems power fuses are widely applied for ground fault protection.
Fuses by their very nature have inverse time characteristics. If overcurrent relays are required to- -
coordinate with fuses, inverse time characteristics are unquestionably most suitable.

It is also recognized that there are other methods of overcoming ground protection coordination problems
than by use of hybrid relay characteristics. For example, ground distance relays which have a
controllable reach, may be used to assist coordination, or a communications assisted scheme which
inherently is sensitive to faults only in the protected zone can also be helpful. For various reasons, the
application of ground protection by means other than time overcurrent relays is often impractical. This
paper assumes that a decision has already been made to apply ground time overcurrent relays to line
terminals on a given transmission system,.

The relay coordination examples described in this paper apply to directional relays only. The concepts
may however also be applied to non directional relays.

Definite Time Relavs

Definite time overcurrent relays have simple characteristics. When the sensed current is above the
threshold (or "pickup” ) setting, they operate in a predetermined time regardless of the magnitude of the
current. These relays can-provide fairly fast clearing times for a relatively wide range of currents,
provided they do not reach much beyond the protected zone. They are particularly useful at currents
which are low multiples (as low as 1.1 per unit) of their pickup setting. The reach of an overcurrent relay

however, is very indeterminate, depending largely on source impedance, line impedance to the fault, and
fault resistance. In the case of ground overcurrent relays in particular, settings required to make them



cover high fault resistances, make them often capable of reaching far beyond the protected line for low
resistance faults.

In tightly meshed networks the contribution from one line terminal to fauits beyond the remote terminal
of the protected line might be a small portion of the total fault current. This is because the large number
of infeeds to the remote bus cause each individual infeed to be a small portion of the total current. Such
networks simplify the application of definite time ground overcurrent relays, because the ground relay
overreach beyond the protected line is limited by the large infeed at the remote end.

If the ground fault resistances to be covered are relatively low, and the source impedance behind a line
terminal is relatively stiff, the pickup of the ground overcurrent relay can be set fairly high to limit the
reach beyond the line, and to assist in coordination with relays beyond the remote terminal.

European networks are often suited to the application of definite time relays due to their tightly meshed
nature (due to high load density), and low fault resistances to be covered (due to use of overhead shield
wires). Thus the application of such relays is wider in Europe than in North America. :

Inverse Time Relays

Inverse time relays have very long operating times at low multiples of pickup. Their operating time is
often indeterminate at current magnitudes between 1 and 1.5 per unit of pickup. To provide reasonable
speed, and positive operation, such relays may need pickup settings somewhat lower than definite time
relays to provide the same amount of effective sensitivity. Their long operating times at low currents
however make them very suitable for applications where they may reach far beyond the protected line
{1]. In some cases, their application (instead of definite time relays) is essential to allow coordination
between relays at the terminals of lines with strong mutual coupling. Consider the situation shown for
the assumed system in Figure 1a)

The contributions from breakers B and C to a
1000 A fault at location F1 with breaker A open (line 1
(500 A) line end) are shown without brackets. The

contributions from breakers B and C to a fault at

Line 1 ‘location F2 with breaker D open (line 2 line end) .
are shown in brackets. It can be seen that the
(F2) relay at breaker C is desensitized by a factor of
Line 2 S - two with respect to the relay at breaker B for
> X2 line 1 line end faults. The relay at breaker B is
500 A desensitized by a factor of two for line 2 line end
(1000 A) faults. Assume further that the instantaneous

overcurrent elements at both breakers B and C

Figure la) Simple System are set at 750 A to underreach external faults

e under all circumstances.
. C, or B, apparent '

' with respect to other line.

Since the desensitization of relays at B and C
with respect to each other are identical for faults
in both lines, their time dial settings must be set
the same as each other to achieve coordination
for faults in the parallel line. Figure 1b) shows
the time current characteristics of relays with
definite or inverse time characteristics that

Current might be applied at breakers B and C (both
300A 600A . . Cy
: characteristics shown in solid lines). The
Figure 1b) Coordination Diagram broken lines show the characteristics of a relay




on an unfaulted line which is coordinating with the relay at the remote terminal of the faulted parallel
line. The apparent characteristics are drawn by shifting the actual characteristics to the right by a factor
of 2, to account for the fact that the relay on the unfaulted line only sees half the current seen by the relay
on the faulted line. The abbreviation "APP WRT" will be used in subsequent figures in this paper to
describe the apparent curve of a coordinating relay with respect to a primary relay.

If a pickup sensitivity of say 300A is required, Figure 1b) shows that coordination using definite time
relays is not possible. On the other hand, coordination using inverse time overcurrent relays is relatively
simple, even with a lower pickup sensitivity of say 200A. This illustrates the benefits of using inverse
time characteristics to achieve coordinated settings (albeit, with long operating times at low settings).

While lines with strong mutual coupling are used in the example of Figure 1, the problems with definite
time relays also exist in all cases where a relay is capable of seeing faults well beyond the protected line.

Hyvbrid Relays

Modern multifunction digital relays are made for a variety of applications. The software to include both
inverse and definite time functions is sometimes included in the same relay, giving it the broadest
application scope [3].

BC Hydro, like other North American utilities, had been routinely using inverse time relay functions,
carrying on past practice. It has become clear however that improvements in speed and sensitivity can be
achieved by combining the use of the two functions in a hybrid manner. The hybrid application involves
the use of both inverse and definite time elements in parallel so that whichever operates first for a given
overcurrent condition will trip. In multifunction relays which provide the two types of characteristics,
there is no added expense involved in using both of them. As can be seen from the following examples
the improvement in speed and sensitivity can be significant.

EXAMPLES

North Shore Loop

Figure 2 shows a part of BC Hydro's 60 kV system consisting of a loop of seven 60 kV stations supplied
from two 230 kV to 60 kV stepdown substations (WLT and CYP). All lines are protected by directional
ground time overcurrent relays for single line to ground faults. All relays have inverse time and two
separate definite time characteristics and an instantaneous function available. It is desired to coordinate
the line protection systems for the normal system and all single contingencies.

CYP 60 GLR 60 CAP 60 WLT 60

n 60L99 . . 60L66 - " 60L64 E_%é
¥ y

T1

Figure 2. North Shore 60 kV System.




Transformers at CYP 60 and WLT 60 are auto transformers with delta tertiaries, and are sources of zero
sequence currents. Loads at GLR 60, NVR 60, CAP 60, JLN 60 and NOR 60 are all supplied by
transformers which are delta connected on the 60 kV side. There are no sources of zero sequence current
to 60 kV faults other than the transformers at WLT and CYP. There are no zero sequence mutual
couplings between any of the lines. It can be seen that several layers of time current characteristics must
be stacked one upon the other to achieve coordination in the clockwise and counterclockwise directions.
In this example, the coordination of ground relays in a clockwise direction in the major loop will be
studied. Table Al in the Appendix lists the critical fault currents used to derive the settings of the ground

time overcurrent relays

The worst single contingency is the case when CYP T1 is out of service, and there is no zero sequence
current infeed at that station. Even with the very strong zero sequence source at WLT, the single
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Figure 3 Coordination of Very Inverse Time Relays
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Figure 4. Coordination of Hybrid Curves

contingency of one of the WLT transformers out
of service also forms an important limiting
condition for protection at CAP 60 on 60L64
(relay 2) to coordinate with WLT protection on
60L61 and 60L62 (relays 18 and 19). At all
terminals, instantaneous eclements  must
underreach the remote bus with one element out
of service at that bus, in order (0 ensure
coordination with protection of station
equipment at the remote bus.

“The coordination curves using inverse time

overcurrent characteristics and instantaneous
elements in the clockwise direction are shown in
Figure 3. Strictly speaking, the characteristics
shown in Figure 3 are very inverse, but they
shall continue to be termed inverse as defined in
the introduction to this paper. It can be seen
that the slowest relays (18 and 19) are set to
pickup at 600 A, with a time dial setting of 12.5.
The starting current of 600 A is too high to give
adequate sensitivity for resistive single. line to
ground faults on the BC Hydro 60 kV system.

The coordination curves using a combination of
definite time and inverse time characteristics are
shown in Figure 4. High set definite time
elements have been set with pickups to
underreach remote instantaneous or definite time
elements, and with time delays to provide a
coordination margin of 0.3 seconds. These
definite time elements provide faster tripping at
high currents.

It can be seen that relays 18 and 19 now have a
pickup setting of 480 A and on the inverse curve
portion, a time dial setting of 8.1. The use of a
definite time element pickup setting of 360 A
further improves the sensitivity, and now
provides more suitable protection for resistive



single line to ground faults.

It should be noted that the instantaneous elements have to be set the same whether using hybrid or
inverse time elements. If an attempt was made to use lower sensitivities of inverse elements in the pure
inverse application (ie, to shift the tops of the curves of Figure 3 to the left), the curves would be flatter at
higher currents. The flatmess at high currents would either make coordination impossible, or necessitate
extremely high time dial settings (probably beyond-the available range). It should also be noted from
Figure 4 that the inverse part of the hybrid characteristic is required to allow the low set definite time
elements to coordinate around the loop. That is, coordination using only two definite time characteristics
would not be possible.

Figure 5 shows a comparison of the hybrid time current characteristic with the very inverse time
characteristic of relays 18 and 19. The improvement in speed and sensitivity is clearly seen. Similar
degrees of improvement are obtained with all other relays on all the loops (clockwise, counter clockwise,
and the minor loop). The sensitivity of the protection is specially enhanced by the use of slow definite
time current characteristics which, unlike the very inverse characteristic, give positive operation at low
multiples of pickup current.
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Figure 5 Comparison of Inverse and Hybrid Curves

hn Hart G Lador 138 kV lin

Figure 6 shows the 138 kV system connecting two generating stations - John Hart GS, (JHT) and Ladore
GS (LDR) in the BC Hydro system. Lines 1L117 and 1L118 are only 15 km long, and are strongly
coupled in the zero sequence. JHT is a much stronger source than LDR. But both terminals are sources
of zero sequence current. Only the standby protection
on these two lines had to be coordinated with each
other, because the primary protection was
communications assisted and provided instantaneous
clearing of all faults in the protected line. It was
decided that the .standby protections need only
coordinate with each other with a normal system,
Figure 6 John Hart/Ladore 138 kV System. ‘ becausp it was thought that it wquld not be like}y that

the primary protection would fail at the same time as

LDR JHT




one of the system elements was out of service.

Table AZ in the Appendix shows the critical current pai}s used to develop the coordination curves of
Figures 7 and 8. "
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Figure 7. Hybrid Characteristics Figure 8 Comparison of Hybrid and Inverse
Characteristics.

Figure 7 shows the coordination diagram of the standby protections using hybrid characteristics. The
LDR terminal uses a definite time element set at 3100 A with a time delay of 0.1 seconds. This element
is a near instantaneous element with a short time delay to allow the overcurrent element to reset after a
sequentially cleared reverse fault on the adjacent line. The time delay is required because on the
particular relay applied, the instantaneous overcurrent element is not controlled by the directional
element, only supervised by it. Without the time delay, there is a possibility of false trips resulting from
contact races during sequentially cleared faults on the adjacent line. The other definite time elements are
used to allow better sensitivity and lower time dial settings on the inverse time elements.

Figure 8 compares the best settings that can be achieved on the inverse time elements if definite time
elements are not used with the hybrid curves. The fastest clearing of high magnitude faults for the
inverse time elements can be achieved by the use of extremely inverse characteristics, but the pickup
settings have to be approximately doubled compared with the settings achieved with the use of hybrid
characteristics. In the pure inverse application, the sensitivities cannot be lowered because of the
flattening of the curves at high currents (similar to the North Shore Loop case).

DYNAMIC COORDINATION

It is necessary to ensure that relay settings also coordinate on a dynamic basis [4]. That is, that if the
fault current changes after fault inception, coordination must still be maintained. In this respect, hybrid
characteristics must be carefully applied. For example, Figure 9 shows an attempt to use hybrid
characteristics to coordinate two relays having different shaped inverse characteristics..




Let the primary (curve A) and coordinating relay
(curve B) both see the same current for all faults
on the line protected by the primary relay. On a
steady state basis, it would appear that there is a
coordination margin between the two curves of
0.7 seconds at 800A, and 0.3 seconds at 1400A.
Suppose both relays are electromechanical relays
operating on the induction disk principle. If a
68 | fault current of just less than 800A persists for
0.9 seconds, the primary relay time element disk
will travel through about 75% of its distance to
trip, and the backup relay disk will travel through
about 50% of its distance. If the fault current
. suddenly increases to 1400 A (just below the
100 Currcni‘i‘j\o) \ 1400A 100001 setting of the instantaneous element of  the

primary relay), the primary relay will take an
Figure 9. Lack of Dynamic Coordination. additional 0.3 seconds to trip, through its definite
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0.1

time element (or a similar additional time through
its inverse element), and the backup relay will
trip in about 0.3 seconds, and miscoordination will result.

Digital inverse time overcurrent relays may emulate induction disk time overcurrent relays by integrating
a function of current to provide a running sum incremented by each sample above the pickup point.
When this running sum reaches a threshold, the relay trips. This method of integration ensures that such
relays coordinate with each other and with electromechanical relays on a dynamic basis [4,5]. The shape
of the time current characteristic is-defined by the function being. integrated. It is possible to apply the
principle to provide a variety of characteristics, including the definite time overcurrent characteristic
[4,6]. It seems feasible that the same running sum could be shared by more than one function of current
being integrated towards a threshold. The highest sum after each time step would be used as the starting
point for all functions being processed in the following time step. Such sharing of the running sum
would ensure that applications of hybrid characteristics coordinate on a dynamic basis.

There are other ways to ensure that hybrid characteristics coordinate on a dynamic basis. At least one
manufacturer has developed a line protection system in which complex characteristics (including hybrid
characteristics) can be created [7]. Although the author has not tested that protection system, it would
appear from reference 7 that dynamic coordination of hybrid characteristics may be achieved. It is
possible that in the future, other manufacturers may also provide systems in which hybrid characteristics
may coordinate dynamically with with other hybrid or inverse characteristics.

CONCLUSION

In looped transmission systems coordination using only definite time elements may be difficult or
impossible. Coordination using only inverse and instantaneous elements is also sometimes difficult. The
choices for inverse elements may involve use of high time dial settings to allow sensitive pickup settings,
or higher pickup settings to allow lower time dial settings.. With the first choice, less than optimum .
speed will result, especially at high currents, and with the second, less than optimum sensitivity will
result.

Two examples of application of hybrid characteristics of inverse and definite time ground overcurrent
elements have been shown. The definite time portions of hybrid characteristics can be helpful at high
and low currents. At high currents, they can provide minimum clearing times while retaining



coordination with remote instantaneous and definite time elements. At low currents they can give
positive operation at low multiples of pickup, and also provide faster clearing of low magnitude faults.
The inverse time portion of hybrid characteristics assists coordination around a loop in meshed networks.
Present commercially available relays sometimes have both definite and inverse time elements available.
With such relays, use of hybrid characteristics involves no additional cost or complexity.

Application of hybrid characteristics can result in miscoordination on a dynamic basis, and therefore,
they must be carefully applied. However, the technology exists to allow dynamic coordination. At least.

- one type of relay incorporating such technology is commercially available. With dynamic coordination,
hybrid characteristics may be more easily and widely applied to optimize ground time overcurrent
protection of transmission lines.
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APPENDIX »
TABLE Al - North Shore 60 kV System Fault Currents, Critical Current Pairs for Clockwise

Coordination.
Fault Bus Primary | Primary Relay | Contingency Coordinating | Coordinating
| Relay Current (A) : Relay Relay  Current
; (A)
WLT 60 18 10380 WLT T2 O0S, 2 776
{on line 60L.61) 60L61 OPEN AT
NVR
WLT 60 19 10380 WLT T2 OOS, 2 776
(on 60L62) 60162 OPEN AT
NVR
NVR 60 15 6790 60L61 OOS 19 6790
{on 60L.63)
NVR 60 15 7030 60L.62 OOS 18 7030
{on 60L.63)
NOR 60 13 4250 60L.97 OPEN AT 15 4250
(on 60L.97) : JLN
JLN 60 11 3150 60L.65 OPEN AT 13 3150
{on 601.65) CYP
"CYP 60 6 1730 CYP T1 00S 11 1730
{on 601.99)
GLR 60 4 3730 60L66 OPEN AT 6 3730
{on 60L66) : CAP :
CAP 60 2 2610 60L64 OPEN AT 4 2610
(on 601.64) WLT

Note, "OOS" means out of service. All currents are residual currents in amps rms that flow during a
single line to ground fault at the indicated location.

TABLE A2 John Hart Ladore 138 kV System Fault Currents.

Fault Location Primary Relay Primary Relay Coordinating Coordinating
Current (A) Relay Relay Current
(A)
LDR end of 3 6430 2 2340
11117, [1] open.
JHT end of 2 6190 3 4450
1L.118, [4] open




