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LINE CURRENT DIFFERENTIAL RELAYING

Liancheng Wang Roger A. Hedding
ABB Substation Automation and Protection ABB Substation Automation and Protection
Allentown, PA 18106 Muskego, WI 53150

ABSTRACT: This paper covers the principles of combined sequence-current differential (CSCD)
relays. Numerical symmetrical component filters are presented. Under different types of faults, the
relationship between fault currents and combined sequence-currents is described. The effect of
weighting coefficients on combined sequence-currents is discussed and considerations in selecting
appropriate weighting coefficients are suggested. The CSCD relay’s performance under week-feed
conditions as well as the relay’s capability in handing fault resistance is analyzed. Finally, the paper
describes different communication channels as applied to current differential relays.

1. INTRODUCTION

Current differential relaying detects faults by summing up all currents flowing into a protected
zone. Normal or external fault conditions are assumed if the current sum is less than a restraint
quantity. The current sum is equal to the fault current for an internal fault. Communication
channels are required to exchange currents between different line terminals. At each terminal, local
currents are sent to remote terminal(s) and at the same time, remote currents are received and
compared with local currents. Line current differential principles may be implemented either on per-
phase current basis or on a combined sequence-current basis. The former is called segregated
current differential (SCD) relays and the latter is called combined sequence-current differential
(CSCD) relays.

In CSCD relays, to reduce communication requirements, only one single signal instead of all
three phase currents are interchanged between different line terminals. This signal is a proper
combination of line positive sequence, negative sequence, and zero sequence currents. The
dominance of each sequence current in this signal is determined by its corresponding weighting
factor. The weighting factors are selected such that all kinds of faults are represented as equally as
possible by the signal. Pilot wire relays were the earliest applications of CSCD principle to line
protections. In pilot wire relays, the combined sequence-current (or voltage) is created by
electromechanical elements and interchanged between line terminals in base band through metallic
wires. While the basic idea keeps unchanged, modern microprocessor CSCD relays compute
combined sequence-currents and make trip or non-trip decisions accordingly. Moreover, the
interchange of the combined sequence-current is in a modulated form either through fiber optics or
other communication means.

This paper covers the principles of CSCD relays, including pilot-wire relays and modermn
current differential relays which utilize communication channels other than the traditional metallic
wires. The paper emphasizes the concept of CSCD relays in general rather than restricts itself to any
specific relays. The paper is organized as follows: Section II provides brief descriptions of
numerical symmetrical component filters and their applications to microprocessor CSCD relays;
Section III describes the relationship between combined sequence-currents and fault currents;
Sections IV shows operating criterion of typical CSCD relays; Section V presents different
communication channels; and finally Section VI presents conclusions.



II. NUMERICAL SYMMETRICAL COMPONENT FILTERS

In CSCD relays, symmetrical components are obtained by using symmetrical component filters.
While several references described symmetrical component filters applied to electromechanical pilot
wire relays and solid-state relays, this section focus exclusively on numerical symmetrical
component filters and shows their applications to microprocessor CSCD relays.

2.1 Microprocessor CSCD relays

Typical microprocessor CSCD relays applied to a two terminal line are described by Figure 1.
The combined sequence filter decomposes the three phase currents into symmetrical component
currents and then combines them into one single combined sequence-current. At each terminal, the
local combined sequence-current is sent to the remote terminal and compared with the combined
sequence-current received from the remote terminal. The line conditions (normal, external or
internal faults) are decided by the comparison results.
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Figure 1: Typical microprocessor CSCD relays applied to a two terminal line

2.2 Numerical Symmetrical Component Filters

According to symmetrical component method, any unbalanced three phase currents or voltages
can be represented by three balanced sets of currents or voltages. The three sets are called positive
sequence, negative sequence, and zero sequence current or voltage. For instance, in terms of phase
currents, the positive, negative, and zero sequence currents on phase 4 are determined by



I = %(1‘, t+al, +a*l,) )

I

a

, =%(1,, +a’l, +al,) @)

L, =§(1,, +1,+1) 3)

where I,, I,, and I, represent currents on phases 4, B, and C; I,;, I,,, and I,, represent positive,
negative, and zero sequence, currents on phase 4; a and a*® are computational operators or phase
shifters and
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Sequence quantities on phase B and phase C are related to phase 4 sequence quantities by
Iy =d’l, Iy =aly
Iy, =aly Iz =d’l,;

Iyg =10 =1g0

The positive sequence current I,, leads 7,; which in turn leads I, by 120°, the negative sequence
current /,, lags I, which in turn lags /., by 120°, and the zero sequence currents /,y, I, and
I,y are in phase.
We realize that the critical elements in obtaining symmetrical components from phase quantities
_are +120 degree phase shifters: operators “a” and “a?”. One very simple but efficient
~implementation of the computational operators is based on two consecutive samples. In discrete
time domain, two consecutive samples have a phase disagreement equal to 2z divided by the
sampling rate N. To get a phase shift other than 27/N by using two consecutive samples, the two
samples need to be manipulated arithmetically. As a matter of fact, theweighted difference between
two consecutive samples can produce any phase shift in range from 0 to 2z. Such a two-sample
phase shifter may be expressed as

y(k) = agx(k)—ax(k -1) (6)

where a, and g, are constants, x(k) and y(k) represent the input and output of the two-sample
phase shifter. In phasor form, (6) can be described as

Y =(ay—a,e /") x (M

where w, represents the signal angular frequency, T represents the sampling period, and T is
equal to 27/N and represents the angle shift between two consecutive samples. The phasor
relationship between X and Y is illustrated in Figure 2.



Figure 2: Phasor diagram of the two-sample phase shifter

From Figure 2 it is be found that any phase shift between X and Y can be obtained by selecting
appropriate weighting constants a, and a;. Let y represent the desired phase shift between the
input and output, then, the weighting constants @, and a, have to satisfy the following equation:

ag—a,e”/oT = el? ®
Separating (8) into real and imaginary parts, we have

ay—a,cosayT =cosy 9
a;sinw,T =siny (10)

The constants g, and g, are obtained by solving the simultaneous equations (9) and (10):

siny
Qg =Ccosy + 11
0 4 tanw,T (1
siny
a =—— 12
: sinw,T (12)

In computing symmetrical components, we need both 120° (@) and —120° (az) phase shifters.
To geta 120° phase shift, let y in (11) and (12) equal 120°, then the constants are found as:

a, = —%+ —?ctanon (13)
A (14)
2 sinw,T

~ Similarly, to get a —120° phase shift, let ¥ equal —120°, then the constants are -

ag = —%——\/2——3—-ctana)oT (15)
a _ B (16)
T2 singT

Based on phase shifter constants given in (13)-(16), the positive and negative sequence currents are
computed as
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The corresponding zero sequence current is

a0 () = 31ig () 1 (6)+1, )]

The symmetrical component filters only utilize two consecutive samples, so their response speed is
fast, which is critical to high speed CSCD relays. For a sampling rate of 12 samples/cycle, the angle
shift between two consecutive samples is 30 degrees. Substituting the angle shift in to (17) and (18),
we have the positive sequence and negative sequence symmetrical component filters corresponding
to 12 samples/cycle as

i ()= 3110 () + 1,003 1y (e =D) = 21,(0) + VB 1, (k=D)]
fa2 ) = 3110 ()= 21y () + V3 i = 1)+ £ (0) =3 1, (k- 1)

To show the response of the filters to fault conditions, we consider a single-line-to-ground fault
AG as illustrated in Figure 3. The pre-fault load current is 1 Arms and the phase A fault current is 5
A rms. Shown in Figure 4 are the symmetrical component currents calculated based on equations
(17) and (18). We found that the responses of the filters are almost instantaneous following the
inception of the fault.
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I11. COMBINED SEQUENCE-CURRENTS

This section describes the relationship between combined sequence currents and fault currents
for different kinds of faults. The section also describes the factors which need to be considered in
selecting proper weighting coefficients when formulating combined sequence currents.

3.1 Combined Sequence Currents and Fault Currents

The combined sequence-currents used in CSCD relays are weighted sums of phase A
symmetrical component currents. Let /T represent combined currents and let C;, C,, and C;
represent the weighting coefficients for positive, negative, and zero sequence components, then /7
can be described as

where I;, I,, and I, represent phase A positive sequence, negative sequence, and zero sequence
currents, respectively.

For a certain combination of the weighting factors, the relationship between /T and fault
currents is determined by fault types. Because IT is always based on phase A sequence currents
regardless of faulted phase or phases, /Ts are different even for the same fault type when different
phase or phases are involved in the fault. For instance, AG faults result in different/T as BG or CG
faults, BC faults result in different /T as CA or AB faults, BCG faults result in different IT as CAG
or ABG faults. However, BG and CG faults create the same /T, CA and AB faults create the same
IT, and so are CAG and ABG faults. The relationship between /T and fault currents also depends on
the ratios among positive, negative, and zero sequence impedances. In the following analysis, it is
assumed that the system positive sequence impedance is the same as the negative sequence
impedance, and the zero sequence impedance is three times the positive sequence impedance:

ZZ=Z]; ZO=3Z]

where Z,, Z,, and Z; represent system positive sequence impedance, negative sequence
impedance, and zero sequence impedance, respectively.

Since only ratios of the weighting coefficients C,, C,;, and C, matter in determining their role
in IT, one of these coefficients, say C,, may be selected arbitrarily when formulating /7 from
sequence currents. For simplicity, select C; as —1. Then, the combined sequence-current /T can be
rewritten as

1T=—Il +C212 +C010

3.1.1 Three-phase Faults 3¢
For three-phase faults, positive currents are equal to the fault currents and there are no negative
sequence or zero sequence currents. Thus, the magnitude of IT is the same as the magnitude of the

fault current I,

IT=—11+C2]2 +C0]0=-]3¢

3.1.2 Single-line-to-ground Faults ¢G
The phasor diagrams for AG, BG, and CG faults are shown in Figure 5. For single-line-to-
ground faults, the positive, negative, and zero sequence currents are the same on the faulted phase.

The magnitude of the fault current /,; is three times the magnitude of the positive sequence current.
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Figure 5: Phasor diagram for ¢G faults

According to Figure 5, the combined sequence-currents are described in terms of fault currents as:
AG: -
IT=-II +C2]2 + Colo =(_1+C2 +C0)Il

:%(—1+C2 +C0)]¢G (19)
BG:
IT =1, + Cyl, + Coly =(-1+ Cze/‘IZO" + coe—j]20° ),
= %(—1 +Cpe! + Coe™ )1 20)
CG:

IT =1, + CyIy + Coly = (—1+ Coe™ " + Coe/' ™)1,

1 e 1900
=§(—1+C2e 29+ Cpe! ) 46 @1

3.13 Phase-to-phase Faults ¢¢

The phasor diagrams for BC, CA, and AB faults are shown in Figure 6. The positive and
negative sequence currents on the un-faulted phases are the same in magnitude but are 180 degrees
out of phase. The magnitude of fault current I, is V3 times the magnitude of the positive
sequence current.
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Figure 6: Phasor diagram for ¢¢ faults



According to Figure 6, the combined sequence-currents are described in terms of fault currents as:
BC:

1
= —-;(1 +Cy)l 4y (22)
AB:
IT =—1, + Cy1, + Coly = (—1+ Coe™ /%),
1 _ iene
= 73-(—1 +Cre I, | (23)
CA:

IT =—I, + Cy1, + Cyly = (-1 + C,e/%% )1,
1 e
=1+ Cre’)1,, (24)
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3.1.4  Double-line-to-ground Faults ¢¢G

The phasor diagrams for ¢#G faults are shown in Figure 7. Since zero sequence impedance is
assumed to be three times positive or negative sequence impedance, on the un-faulted phase of a
¢¢G fault, the positive sequence current is equal to four times zero sequence current, and the
negative sequence current is equal to three times zero sequence current. On the un-faulted phase,
the phase angle between positive and negative or zero sequence currents is 180 degrees. It can be
proven that the relationship between the magnitude of fault current and the magnitude of positive
sequence current is the same for all three double-line-to-ground faults. Thus, we only show phase B
current for BCG fault in terms of positive sequence current:
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Figure 7: Phasor diagram for ¢¢G faults



According to Figure 7, the combined sequence-currents are described in terms of fault currents as:
BCG:

IT =1, + Cyl, + Coly = —(1 +3c2 Jr%co)zrl

3 1
=———(1+= C +— C I 25
1 5 ¢ ( 2 0 ps6 (25)
CAG:
IT =—I, + C,I, + c(;Io =-I + %czlle'f“’ + %cozlef‘""
3 1 60° .
ABG:

IT = =1 + CoI, + Coly = -1 +%szlej6o. +%C011e‘j6°°

=1‘1§g( 1+431C2 jo' +ic eV 4y @7)

3.2 Weighting Coefficients Selection

The weighting coefficients in combined sequence-currents should be selected in such a way that
the CSCD relays have compatible sensitivities for all different kinds of faults. Also, the selected
coefficients should guarantee fault currents’ dominance in the combined sequence-currents.

Before we show how weighting coefficients affect combined sequence-currents, let us look at
three special cases for our understanding of the nature of IT:

Case 1: All coefficients being selected as 1, /T becomes phase A current /a;

Case 2: C, being “a?”, C, being “a”, C, being 1, IT becomes phase B current /b;

Case 3: C; being“a”, C, being “az”, C, being” 1, IT becomes phase C current /c.
Therefore, the three phase currents /,, /,, and /. can be considered as special combined sequence-
currents. Obviously, these coefficients are not the right choice because they cannot even guarantee
the presence of fault current in /7. Otherwise, there would be no need to go through the
decomposing (from phase currents to symmetrical components) and synthesizing (from symmetrical
components to combined currents) process in forming /7.

3.2.1 No contribution from zero sequence current C;, =0

Since both negative-sequence currents and zero sequence currents represent fault currents, it is
sufficient to have only one of these two components present in /7 for most applications. Generally,
negative sequence currents are preferred to zero sequence currents for this purpose because the
former are more consistent in phase angles at different terminals and not affected by mutual
coupling.

Single-line-to-ground Faults

With no zero sequence current contribution, the magnitudes of IT are calculated based on
equations (19)-(21) and shown in Figure 8. It can be found, for positive C,, BG and CG have
bigger sensitivity than AG, but for negative C,, AG has bigger sensitivity. If |C,| >4, the resulting
combined sequence-currents for @G faults are larger than the corresponding fault currents.

10



Phase-phase Faults

- For ¢¢ faults, the magnitudes of IT are calculated based on (22)-(24) and shown in Figure 9. It
can be found, for positive C,, BC faults have biggersensitivity than AB or CA faults, but for
negative C,, BC faults have smaller sensitivity. If |C,|>3, the resulting combined sequence-
currents for ¢¢ faults are larger than the corresponding fault currents.

Double-line-to-ground Faults

For ¢¢G faults, the magnitudes of IT are calculated based on (25)-(27) and shown in Figure 10.
It can be found, for positive C, , BCG faults have bigger sensitivity than ABG or CAG faults, but for
negative C,, BCG faults have smaller sensitivity. If |C,|>3, the resulting combined sequence-
currents for ¢@G faults are larger than the corresponding fault currents.
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From Figures 8, 9, and 10, it can be concluded that, if the magnitude of C, is chosen as larger
than 5, the magnitudes of ITs will be larger than those of the corresponding fault currents for all
kinds of faults. Table 1 shows the relationship between /T and fault currents for different faults with
C, being 0, C; being -1, and C, being 7.

(Cy=0,C=-1,C,=T7)

ABC 1.0
AG 2.0
BG 2.5
CG 2.5
BC 46
CA 38
AB 38

BCG 40

CAG 31

ABG 31

Table 1: IT in Multiples of Fault Currents

According to Table 1, the minimum /75 corresponding to different fault types are found as
® Three-phase faults:

]Tmin = _13¢,min . (28)
® Single-line-to-ground faults:
ITmin = 2I¢G,min (29)
® Phase-phase faults:
ITpin =38576 1, o (30a)
or
ITmin = 3‘3eij67'7. 13¢,min (3Ob)

12



where IT,

min
minimum three-phase, single-line-to-ground, and phase-phase fault currents expected to be covered
by the relay. Equation (30b) is based on the fact that phase-phase fault current is V3 / 2 times three-

phase fault current.

Equation (28)-(30) shows that the minimum /T is the same as fault currents for three-phase
faults, 2 times fault currents for single-line-to-ground faults, and about 4 times fault currents for
phase-phase faults. Without taking into account the difference in fault currents, it may be
erroneously concluded that three-phase faults have the least sensitivity. This is true only if ground
fault current 146 min 1s larger than 50% of three-phase fault current [y i, . In reality, ground fault
currents may be much less than phase fault currents because of the effect of ground fault resistance.
So there exist situations when ground faults do not have sufficient sensitivity with the example
weighting coefficients. Increasing C, definitely can increase ground fault sensitivity and reduce the
sensitivity difference between three-phase faults and ground faults. But inevitably, this makes the
sensitivity difference between ground faults and phase-phase faults even larger. To increase the
sensitivity of ground faults and at the same time keep the sensitivity of phase faults unaffected, non-
zero C, is recommended when ground fault current I,; is less than 50% of three-phase fault
current [, .

is the minimum /T for each type of faults, [34 min, {46, min and L4y are the

3.2.2  VWith contribution from zero sequence current C;, # 0

In order to have compatible sensitivities for different fault types, non-zero C, should be
utilized when the ground fault current Iy i, is less than 50% of three-phase fault current I3 1y, :

146 min <50%134 min

The effect of C,, on IT is illustrated in Figure 11 for single-line-to-ground faults. This Figure shows
ITs in multiples of fault currents for different C. It can be seen that AG faults are more sensitive
than BG or CG faults when C,>1.2 and less sensitive than BG or CG when C,<1.2. The
minimum combined current /7 is 2 times the fault current when C, =0, 5 times the fault current
when C; =16, and 7 times the fault current when C, = 23.

For double line to ground faults, the effect of Cy on JT is illustrated in Figure 12 with the zero
sequence impedance being assumed to be three times the negative sequence impedance. Comparing
Figure 11 and Figure 12, it is found that /T are less sensitive to C,, for double-line-to-ground faults
than for single-line-to-ground faults. This is even more obvious when the ratio between zero
sequence impedance and negative sequence impedance becomes larger. Generally, the bigger the
zero sequence impedance, the less sensitive the /7 to C,. When the fault (ground) resistance
becomes infinite, double-line-to-ground faults become phase-phase faults, C,, has no effect on IT.

13
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IV. OPERATION CRITERIA

Having decomposed phase currents into symmetrical component currents and recombined them
into combined sequence-currents, we present how combined currents are compared in CSCD relays.

During normal conditions or external faults, if the line charging current is neglected, there will
be no drainage source in the protected line. Under such conditions, the sum of combined currents is
equal to zero at all terminals of the protected line. Referring to Figure 13, we have the following
expression during normal conditions or external faults:

IT, +ITy =0

During internal faults, the sum of the combined currents is not equal to zero but proportional to the
fault current. Based on Figure 14, we have the following expression during internal faults:

‘ IT, + Ty = ITy.

IT, IT,
|~ -

Figure 13: Normal conditions or external faults
IT, IT,

I ~|

—
i_LF

Figure 14: Internal faults

Therefore, theoretically the operation of current differential relays may be designed such that an
internal fault is assumed whenever the current summation is not equal to zero. While this perception
is useful to grasp the basic concept of current differential relays, the relay based on the idea would
be too sensitive and will lose security. In practical applications, restraint quantities are introduced
and the operation quantity (current sum) has to be larger than the restraint quantities for the relay to
operate. The most commonly utilized restraint quantity is based on the sum of the local current
magnitude and the remote current magnitude. Thus, the operating condition becomes

T, + ITg|> K (1T, |+ |1T3])+ Iy 31)

where K is a constant, /7, is the bias or threshold.

Similar to the analysis of Mho characteristics in distance relaying, the characteristics of current
differential relays also can be described geographically. Assume

IT, V2

—~=r/a; K=—; I =0
IT, 2 ™

15



where r represents the ratio of the combined current magnitudes, and a represents the angle
difference between the two combined currents. Equation (31) can be rearranged as

rza+1|= %—2—0 +1) (32)
Equation (32) can be further simplified as
r? =2r(1-2cosa)+1=0 (33)
Solving (33) for r, we get
r=1-2cosa = 2 /cosa(cosa —1) (34)

Equation (34) represents the characteristics of the two terminal current differential relay and is
illustrated in Figure 15. The numbers on the outside circle represent angles in degrees, and the
numbers above each circle represent the radius of that specific circle.

It can be seen that the relay characteristics is close to a circle, which covers the point 1.£180°.
This point represents the external fault or normal conditions under ideal situations. Within the circle
is the relay’s restraint region, and outside the circle is the relay’s operating region. The circle has
two intersection points on the 180 degree line. At these points, the ratios r are 3-2+2 (~0.172)
and 3+2+/2 (= 5.828), respectively. This characteristics explains the relay’s excellent capability in
handling week-feed conditions, where the combined currents may be 180 degrees apart but have a
big difference in their magnitudes. Figure 15 shows that as long as the magnitudes of the combined
sequence-currents are more than 5.828 times apart, the relay is able to operate correctly.

270

Figure 15: Two-terminal current differential relay characteristics
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Usually, the threshold I is not equal to zero but is presented as a dial setting. To explain
how the relay responses to internal faults with non-zero Iy , let us assume that the two combined
sequence-currents are in phase. Then, the operation condition (31) becomes

(1= KIT|> Iy 35
where IT represents the total combined currents:

IT = ITL + ITR
Again, let K be \/5 / 2, then equation (35) can be simplified as

0.3/T|> I'y (36a)
or
[IT|>3.331 | (36b)

Equation (36b) shows that the relay operates whenever the total combined current /T is larger than
3.33 times the threshold or dial setting. Thus, the relay can detect any internal fault currents if the
dial setting and the weighting coefficients in IT are coordinated properly. This explains the relay’s
excellent capability in handling fault resistance. The maximum fault resistance detected is limited
by system unbalance, line charging currents, and possible CT mismatches.

17



V. COMMUNICATIONS USE IN CURRENT DIFFERENTIAL RELAYS

Although modern current differential relays employ backup systems in the event of loss of
channel, the communications channel remains a key element to the success of a current differential
scheme. Various communications methods used historically for current differential schemes are
described in the following pages.

5.1 Pilot Wire

One of the oldest communications circuits used for protective relaying is the pilot wire. A pilot
wire is a metallic circuit from one end of the protected line to the other. Over this metallic wire either
a DC voltage or 60 Hz wave replica wave is transmitted. A simplified schematic of an AC pilot wire
relay scheme is shown in Figure 16.
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Figure 16: Pilot Wire Scheme

The three phase currents are input into a weighted sequence network. The output of the
sequence network is a voltage which is a function of the positive, zero, and sometimes negative
sequence current. This voltage is transmitted to the other end of the line where it is summed with the
voltage generated by a similar network at the remote end. For an external fault the voltages (remote
and local) are additive. The resulting current circulates in the pilot wire and creates a restraint
voltage. The relay restrains from operating. For an internal fault, the polarity of one of the voltages
changes making them subtractive. Little current flows on the pilot wire, therefore, little restraint
voltage is developed. All the voltage is impressed on the operate coil. The relays operate.

There are physical limitations to the pilot wire scheme. The total permissible loop resistance of
the pilot wire is 2000 ohms. The shunt capacitance limit is 0.75 microfarad per terminal. Since a #19

AWG twisted pair is the recommended for the pilot wire, this limits the length of the pilot wireto
less than 10 miles.
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Since the pilot wire communications channel is in a hostile environment, various devices are
applied to limit the effects from extraneous voltages. These extraneous voltages are caused by a rise
in station ground mat potential, or by induction from power circuits. Several devices are used for
this protection. They are: Gaps, carbon blocks, protector tubes, drainage reactors, neutralizing
reactors, and insulating transformers. It’s beyond the scope of this paper to discuss the application
of each of these devices. References are listed that give further details.

Pilot wires and their associated relays yield a very simple, and popular means of current
differential protection. The drawback to this protection is the pilot wire itself. As the pilot wire
ages, it deteriorates and becomes a high maintenance item. This goes against the ebb of the industry
practice of reducing maintenance costs. Even though various means are employed to limit the
effects of induced voltage on the pilot wire, during high ground fault currents, station ground mat
differences between the two substations can wreak havoc with pilot wire relays.

- 5.2 Audio Tones

Another method of providing communications between two terminals of a current differential
relay system is audio tones. Audio tones can be applied over metallic telephone circuits, or analog
microwave. Various techniques have been used to modulate the tone signal to transmit information
to the remote terminal. Some modulation techniques are:

On - Off Modulated Equipment
Frequency Shift Modulated Equipment
Phase Shift Keying Modulated Equipment
Pulse Period Modulation

Quadrature Phase Shift Keying
Quadrature Amplitude Modulation

SN ELD -

On-off Modulation

On-off modulation starts with the transmitter being off, then turns on to send information to the
remote end. This type equipment is presently only applicable to blocking type relaying systems since
the transmitter is normally in the inactive or quiescent state and transmits only one frequency when
keyed. It’s not used on a current differential scheme.

Figure 17: Amplitude Modulation

Frequency Shift Modulation

Frequency shift modulation relies on a center frequency, then shifts up to a higher frequency or
down to a lower frequency as needed to send information to the remote end. This method is most
frequently used for directional comparison unblocking and permissive schemes since only a guard
state and a trip state need only be exchanged between the local and remote terminals. In contrast to
the on-off system where the health of the transmitters are not known, the frequency shift system,
since one frequency is constantly being sent, is inherently self monitoring.
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Figure 18: Frequency Modulation

Phase Shift Keying Modulation
Phase shift keying modulation shifts the instantaneous phase of the modulated wave between

predetermined discrete values. One predetermined value may be a guard and another maybe a trip,
or it may signify a binary bit.

V2222V

Figure 19: Phase Shift Modulation

Pulse Period Modulation
Pulse period modulation varies the time period of the modulated signal linearly with the
modulating signal amplitude. PPM is similar to frequency modulation when the deviations are small.

Quadrature Phase shift Keying

Quadrature phase shift keying is a modified version of phase modulation. Two bits (called a
dibit) are encoded into one time interval (baud). The modem changes the phase angle of the carrier
into one of four different phase angles. One phase angle is located in each of the four quadrants,
- hence the name quadrature phase shift keying. Each phase angle indicates a dibit combination. The
phase shift for each new dibit combination is relative to the phase angle at the beginning of the
preceding signal. For example, if a dibit combination has a phase angle of 45 degrees and the next
dibit combination causes an additional +135 degrees, then the carrier wave for the second dibit is

180 degrees (45 + 135).

Figure 20: Quadrature Phase Shift Keying

Quadrature Amplitude Modulation

Quadrature amplitude modulation is a combination of phase and amplitude modulation. The
phase modulation technique is similar to QPSK, that is, the phase shift of the new incoming wave is
in relation to the phase angle of the preceding wave. The amplitude also varies. In QAM there are
two carrier signals, a cosine wave and a sine wave. Since these waves are 90 degrees apart, a
resultant in any of the four quadrants can be obtained by varying the phase angle of the cosine and
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sine waves. Most QAM modems conform to the CCITTV.29 standard. The carrier is 1700 hertz
and 2400 baud. By incorporating 4 bits per baud the modem can operate at 9600 bps. The data
stream is divided into sets of 4 bits called quadbits. The first bit of the four determines the
amplitude, the remaining 3 bits determine the phase shift. Tables 2 and 3 show how this is done.

Phase Angle Q1 Relative
Amplitude
0, 90, 180, 270 0 3
‘0, 90, 180, 270 1 5
45, 135, 225, 315 0 \2
45, 135, 225, 315 1 3V2

Table 2: QAM Amplitude Encoding

Phase Angle
0
45
90
135
180
225
270
315
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Table 3: QAM Phase Angle Encoding A

Audio tones using one form of modulation technique or another have had widespread use where
telephone circuits or analog microwave channels have been available. The old limitations on length
line that could be protected dictated by the capacitance and loop resistance of the pilot wire are no
longer valid when using audio tones. Current differential schemes using audio tones have been
successfully applied to lines with lengths over 50 miles. Inherent delays in going through a modem
with a baud limitation of 9600 bps, have limited the operating speed of current differential systems
relying on audio tone for the communications medium to 24 — 32 msec.

5.3 Digital and Fiber Optic Communications

The last method of communications to discuss is digital communications. = Modemn
microprocessor based current differential relays typically have a 56/64 kbs option. The interface for
this option can either be electrical RS422/RS485 or direct fiber interface. Direct fiber interfaces are
typically 820nm multi-mode fiber or 1300nm single mode fiber. The ability to find dark fibers that
can be used for dedicated system protection purposes is getting difficult. Most times one or more
channels of a multiplexer are available. In such cases the electrical output of the current differential
relay is fed into a 56/64 kbs card on a multiplexer.

Modern current differential relay schemes have the ability to measure the channel delay time.
This is extremely important since the local and remote phasors must generated at the same instant in
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time else the resulting restraint and operate quantities which are derived from thesephasors won’t be
valid. Typically, channel delay times are measured using some “there and back” time, then divided
by two to get the one way channel time. This is done every so many frames of data, usually every
500 msec. Higher level communications systems, such as OC1, which include 28 T1 multiplexers,
may have communications path delay differences when switching from one path to another of over
12 msec . This could cause relay misoperation. Current differential schemes often times incorporate
“change detectors” to supervise relay operation for this case.

There are few limitations in the use of the digital channel. Whether it’s the expense of a digital

microwave tower, or stringing fiber. Economics typically dictates what channel is chosen not the
technical feasability of the channel.
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V1. CONCLUSIONS

Combined sequence-current differential (CSCD) relays require one single combined sequence-
current be interchanged between different line terminals instead of all three currents. In CSCD
relays, combined sequence-currents are formulated by combining symmetrical component currents,
which are obtained from symmetrical component filters. The numerical symmetrical component
filters presented in the paper are simple to implement and response fast to fault conditions. These
filters are especially suitable for high speed differential relays.

In formulating combined sequence-currents, the weighting coefficients should be selected such
that the relay has compatible sensitivities for all different kinds of faults. Moreover, the selected
coefficients should guarantee fault currents’ dominance in the combined sequence-currents. The
weighting coefficient for zero-sequence current can be selected as 0 for a large majority of
applications. The suggested ratio of positive-sequence current coefficient to negative-sequence
current coefficient is 1 to 7. When there is a large difference between three-phase fault currents and
ground fault currents, zero-sequence currents need to be included in the combined sequence-
currents.

CSCD relays have excellent capability in handling fault resistance and perform well in week-
feed situations. Moreover, the relays are not affected by CCVT transients since their operations do
not depend on voltages.

Many types of communications schemes used with current differential relays were discussed.
Each has some merits from simplicity of the pilot wire relay channel to the complex 65kbs digital
channel. Application considerations will dictate which is best.
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