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ABSTRACT

This paper analyzes the interaction of current transformers in
the application of high speed machine and bus differential

relays. The non-linear behavior of the c¢ts and relay burden is
analyzed with the aid of a PC computer simulation written
especially for the purpose. The paper addresses the special

problem of modeling the non-linear impedance in the operate coil
of various types of differential relays and 1its effect on the
overall performance of the cts. Conclusions are drawn regarding
ct application procedures and the effect of relay impedance and
percentage differential characteristics on through fault security
and minimum pickup for internal faults when using high impedance
bus differential relays.

Introduction

There is a 4growing interest in computer programs like the EMTP
program which produce detailed plots of current and voltage
corresponding to an oscillographic record obtained from a full
scale system test. The digitized records are valuable since they
can be used to reconstitute the secondary analog signals using
D/A conversion and amplification. Thus the records can be used to
test ©protective relays under realistic system conditions. In
other cases'*'‘?*?!, where the protective relay algorithm is known,
it has Dbeen included 'in the program so its response can be
computed. At the very least, the application engineer can obtain
a detailed record of any desired condition and visually check the

results against expectations.

In the work of reference (1] and [3] a computer program called
"SEETEEY was used to analyze the application of a single ct with
a relay burden and lead impedance. This paper describes a
program called "TWOCTS" which simulates the 1interaction of the
current transformers connected to operate a differential relay.
The program is intended as an application tool which uses ct
ratings and conductor and relay instruction book data to
document the current wave forms for a specific application. The
wave forms can then be used to determine relay performance for
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both internal and external fault conditions. The paper discusses
the use of the program in high impedance bus differential and for
solid state machine differential relay applications. The paper
addresses the special problem of modeling the non-linear
impedance in the operate coil of various types of differential
relays and how it effects performance.

Generallized Schematlic of the Differential Cilrcuit

A generalized schematic of the differential relay circuit modeled
in the program 1is shown in Figure (1). Represented are the cts
and the restraint windings for the A and B sides of the circuit,
the operate coil and the connecting leads. A reactor is included
in the shunt circuit of the operate coil to represent the high
impedance inherent in electromechanical machine differential
relays and which is also built 1into so0lid state differential
relays to minimize the f£low of operating current during external
fault. This element is made to saturate in order not impede the
flow of operating current during internal fault conditions. This
element must be modeled as a saturable reactor.

ct A ct B

o'/\/Res. ‘des \/\_C '
Oper. Wdg

Sat.
T+ React.

FIGURE 1. Generalized schematic of a differential relay
connection

The Equivalent Clrcult of the Differential Connection

The eguivalent circuit used for the simulation is shown in Figure
(2). In this circuit the A side current transformer |is
represented as the constant current I,, equal to ratio current,
and the wvariable inductance L, representing the magnetizing
branch. The corresponding elements Iy and L, form the eguivalent
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cilrcult of the B side ct.

The linear circuit elements R,, L,, R, and Lo represent the
combined resistances and inductances of the restraint windings
and the total lead impedances for each side of the circuit while
Ry and L, provide for linear impedance which may be present in
the operating leg of the connection. Finally, the wvariable
inductance, Ls,ag, is the element which represents the saturable
reactor in the generalized schematic of Figure (1).

The simulation uses the time discrete solution of the
differential equations of the voltage drops caused by the 1loop
currents I, and I, in Figure (2). A recursive solution using a
finite time increment is used because the inductances Lar, Le, and
Lswag change continually as functions of voltage. Thus the
output of the program is an increment by increment time plot of
the driving currents I, and Iy, the secondary Currents I, and I,
and, the difference current (I, - 1I.). The currents I, and 1.,
and, the difference current are the desired restraint and
operating currents of the differential relay.

FIGURE 2. Equivalent circuit of the differential
connection

Some programs like the EMTP program use a pilece-wise linear
representation of the saturation curve of the cts which the user
must enter as a series of points. In this program the Froehlich
equation 1is wused to emulate the B-H curve of the «ct. The
characterlstic S-shaped curve of the Froehlich equation is made
to £it the B-H curve for oriented grain steel by equating the
slope of the curve at the origin to the maximum incremental
permeablliity of 8000, and the slope in saturation to the
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permeability of air. The details of this process have been given
in reference [1). In the program the inductance L,, Ls and Livag
are calculated using incremental permeability as the slope of the
B-H curve emulated by the Froehlich equation:

NZugu.A (1)
L =
1
Where L = inductance in henries
N = number of turns
A = cross sectional area of the core (sg. meters)
up= permeability of free space
u.= relative incremental permeability of the

ct core material

The Input Data

The input consists of the ct data, relay and lead impedance data,
the primary current including phase angle, the primary circuit
time constant, and the incident angle of the fault. The user also
specifies the type of fault either internal or external to the
differential zone of protection.

CT Data Format

The program is written for toroid transformers with standard 5
ampere secondary current. The core material 1is assumed to be
oriented grain steel having a maximum permeability of 8000 with a
saturation flux density of 1.8 Tesla. Consequently, the cts are
fully specified by entering the following data:

SIDE A CT DATA

ANSI voltage rating---~---—------—mo-o 100 wvolts
ct ratio------=-------m-o————o--—omm 120 turns
Mean length of core----—--—-—-—-—-—--—==—= 20 inches

SIDE B CT DATA

ANSI voltage rating-------——-——-—======—= 100 wvolts
ct ratio-----------—---------—--mmommms 120 turns
Mean length of core------————=—-—oooo—- 20 inches

Using the specification of volts, turns and mean length the core
together with the flux density and maximum permeability, the
program derives the cross sectional area of the core and then
proceeds with the incremental calculation of flux density,
incremental permeability and inductance for each ct.




Inpedance Data Format
The input required for the relay and leads is as follows:

RELAY & LEAD IMPEDANCE DATA

Side A lead impedance---—=~—mcmmm—————— .5 ohns
Side A restraint wdg. resis.--~--==——=n .01 ohms
Side B restraint wdg. react.--—-—-——ee—-m .01 ohms
Side B lead impedance------=-==—=——mmmo- .5 ohms
Side B restraint wdg. resis.-------=--- .01 ohms
SIDE B restraint wdg. react.-----—===-= .01 ohms
Operate wdg resistance--———~-=-r——cmmeu_ .01 ohms
Operate wdg reactance--—--—--~--mmwuma_ .01 ohms

OPERATE WDG SERIES REACTOR

Reactor sat. kneepoint voltage----~---- 12 wvolts
Ohms reactance-—=——=——c e 170 ohms
Reactor mean length of path------~----- 9 inches

In addition to a linear impedance the input provides the option
to add or to substitute a saturating element as a series winding
in the operating branch by entering the reactance in ochms, a
saturation voltage, and a mean length of path.

Primary Current Format

The primary current is specified by the rms value, the primary
time constant, and the incident angle of the fault. The user then
has the option of running a fault internal or external to the
zone 0of protection. The rms value of both the A side and the B
side current can be specified for an internal fault. A typical
format entry is as follovs:

PRIMARY CURRENT

Side A primary current------—--—--- 3660 amps
Primary time constant-----—---=~---- .03 sec.
Incident angle(max offset = 0)-——-- 0 deg.
Internal Fault ?--——--memmmm e n Y/N

The input data is completed by specifying the full scale for the
current to be plotted, the maximum plot time, and which currents
and flux densities are to be plotted.

Operating Coll Impedance in Machine Differential Relays

If Ry, Ly, and La,ag in the operating branch in Figure (2) were
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near =zero ohms, each ct would act independently and be effected
only by the impedance in 1its respective loop circuit. As a
result, any difference in secondary current due to ratio or core
mismatch or residual flux condition would appear directly as
difference current in the operating winding.

Experience shows that nuisance trip operations occurs when high
speed machine differential relays have too 1little impedance in
the operate winding. Consequently, machine differential relays
are designed with operating branch impedances ranging from at
least 4.0 ohms to as much as 1000 ohms of reactance. The penalty
for too high an operating coil impedance 1is a 1loss of
sensitivity. To counteract this condition the operating winding
is designed to saturate at a low voltage in order let through
operating current on the internal fault condition. The typical
saturation voltage ranges from 12 to 20 volts.

MAX SCALE Ipri = i41.6 MAX SCALE Isec = 1.18 MAX SCALE 1d4iff = 1.18

- Reactor B

8ide A Pril. I,

gide A Sec. I,

Ig = (I - Iz)

Side B Sec.

¥ = 16.86 DT = 58 micresec
. MAX SCALE B = 2.8 Tesla INTERNAL FAULT HAX SCALE seconds = .B4

FIGURE 3. Currents and reactor flux density plot for A
type 87M machine differential relay using 600/5, <C100
current transformers. Minimum internal fault 50 amps
symmetrical.

Minimum Current Internal Fault Operation

An example of use of the TWOCTS program is shown 1in Figure (3)
where the minimum current condition for a type 87M solid state
machine differential relay has been plotted. 1In this example the
relay is connected as in Figure (1) to protect a 3750 KVA, 4160
volt machine using €100, 600/5 cts. Although negligible burden is
contributed by the restraint and operating windings, a .52 + 3170
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ohm reactor is connected in series with the operating coil. Since
the relay has a minimum pickup of 0.1 amps, Figure (3) shows the
ct secondary currents I, and I., the operate current (I, - I.),
and the flux density in the reactor for low grade internal fault
of 50 amps primary. The difference current has exceeded the 0.1
amp rms minimum operate current and is a sufficient percentage of
I, to trip. The plot of reactor flux density reached saturation
which accounts for the high operating current.

Maximum Current External Fault Condition
The 3750 KVA, 4160 volt machine used in the previous example can

deliver 3660 amps to an external bus fault. The secondary ratio
current in this case would be 30.5 amperes flowing from the side

A ct toward the B side ct. The calculated voltage drop in the
2.5 ohm A side lead resistance is 76.25 volts, a value exceeding
the 12 volt saturation voltage of the series reactor. In

addition, since the Cl00 rating cts will saturate due to any dc
offset in primary current, the security of the application for
the external fault is in question. A table of the input data for
the maximum external fault case is as follows:

SIDE A CT DATA: SIDE B CT DATA:
C-rating-—---=mrm-rmmmm 100 C-rating-—--—====—m——me 100
Ratio----=~=—--omrem e e 120 Ratio-------=----mmmmr e 120
Core mean Length (m)----- .508 Core mean length (m)----- 508
SIDE A LEAD & WDG DATA: SIDE B LEAD & WDG DATA:

lead resistance--—--—-——-—- 2.5 lead resistance--~—-—--—--- .01
restraint wdg resistance--.01 restraint wdg resistance---.01
restraint wdg reactance---.01 restraint wdg reactance----- .01
OPER. WDG & EXT REACTOR DATA: Ext. reactor knee pt volt--12
Operating wdg resistance--.52 Ext. ohms reactance--~--—---- 170
Operating wdg reactance---.01 Ext. react. core length----.229
SIDE A PRIMARY CURRENT: SIDE B PRIMARY CURRENT:

Primary current---=-—===== 3660 Primary current---=—=--=w——- 3660
Pri. Time constant(sec)---.03 Pri. time constant(sec)-~---.03
Incident angle------------- 0 Incident angle----------—---- 0

Figure (4) shows the plot of restraint currents I, and 1I,, the
operate current I, = (I, - I;), and the flux density 1in the
reactor obtained from the TWOCTS program for the case.

The plot verifies the saturation of the cts due to offset and the
saturated flux density 1in the reactor. Howvever, only a short
pulse of operating current occurs. Since the pulse |is
considerably shorter that the minimum operating published for the
relay, the case is judged secure against tripping in the maximum
external fault case.



HAX SCALE Ipri = 18352.4 MAX SCALE Isec = 86.27 HAX SCALE Idiff = 86.27

Side A Pri. 1, -~ ™
i

Side A Ssec. 1,

Side B Sec. I,

Reactor B

X = 22.29 DT = 25 microsec
L MAX SCaALBR.B B Tesla EXTERNAL FaULT HAX SCALE szeconds = .B4

FIGURE 4. Currents and reactor flux density plot for A
type 87M machine differential relay using 600/5, <C100
current transformers. Maximum internal fault of 3660
amps symmetrical

High Impedance Bus Differential Relays

In the application of a high impedance bus differential relay
each of the feeders of the protected bus has a ct of the same
ratio. All of the secondaries are connected in parallel to
totalize the current entering and leaving the bus as shown in
Figure (5). The high impedance bus differential Relay has no
restraint elements, and is simply a high resistance voltage
divider connected to detect the voltage appearing across the
secondary windings of cts. On an external fault only the voltage
drop across the connecting leads appears across the relay since
the secondary flows out one ¢t and 1in to another. A large
voltage 1s produced by an internal fault since the only path for
the converging current is the mutual inductance of the respective
cts.

The egquivalent circuit of Figure (2) is made to represent this
connection by setting the circuit elements L,, and Li,ag t0 zero
and assigning R, the proper resistance value for the application.
The series elements R,, L,, Rp, and L, are retained to represent
the lead impedances.




A typical application for the high impedance bus differential
relay is a bus with four circuit breakers to feeders with €200,

PO

(878

FIGURE 5. Single 1line diagram for high impedance Bus
differential application. The cts have the same turns
ratio.

1000/5 cts. The maximum interrupting capacity of the breakers is
50000 amps symmetrical. The c¢ts secondaries are connected in
parallel and a type 87B relay 1is connected to detected the
voltage across the cts. The relay setting is determined by
assuming a ct saturates on a maximum external fault on one of the
feeder. The relay trip voltage is set greater than the voltage
drop across the leads caused by the secondary current
corresponding to maximum fault current.

Since the ct turns ratio is 200, the secondary current for the
maximum fault is:

50000
= = 250

200

I..Q

If the largest lead impedance between the cts is .522 ohms then
the voltage drop across the leads is:

V. = (250)(.522) = 130 volts
Veaceing = 130 x 2.8 = 365

where 2.8 is the safety factor recommended to account for safety
margins, DC offset resistance tolerances and current transfer
between cts. The nearest setting for the 87B relay in this case
is 350 volts rms. The resistance of the voltage divider for this
setting is given as 2170 ohms. The trip actually occurs at the
instantaneous peak of 350 times 1.414. The trip therefore occurs
at 495 volts peak or .228 peak amps in the 2170 ohm resistance.



The table of data used in the TWOCTS program to check the
security of this application £for the external fault is as
follows:

SIDE A CT DATA: SIDE B CT DATA:
C-rating--—~——-=-——=-—=mo—o- 600 C-rating---—-=~====—==="—== 200
Ratig-————m—m— - 200 Ratio-——= = oo o o o oo 200
Core mean Length {(m)--———- 508 Core mean length (m)----- 508
SIDE A LEAD & WDG DATA: SIDE B LEAD & WDG DATA:

lead resistance--~---=—=-~ .17 lead resistance---~—---=-= .522
restraint wdg resistance---0 restraint wdg resistance-- 0
restraint wdg reactance----0 restraint wdg reactance----0
OPER. WDG & EXT REACTOR DATA: Ext. reactor knee pt volt--0
Operating wdg resistance--2170 Ext. ohms reactance-------- 0
Operating wdg reactance---0 Ext. react. core length----0

SIDE A PRIMARY CURRENT: SIDE B PRIMARY CURRENT:

Primary current---—--=-=---- 50000 Primary current----—=—-=-—=—- 50000
Pri. Time constant(sec)---.03 Pri. time constant(sec)----.03
Incident angle-~—-~--=-=—=m=~== 0 Incident angle-—-—--=—===—=~- 0

In this case three of the feeders are assumed to be contributing
equal current to the fault external to the ¢t of the fourth
feeder. The condition is modelled by using an A side 1000/5 ct of
three times the ANSI C-rating. The lead resistance for the A side
is taken as one third of the .522 ohm lead impedance.

is the plot for the maximum external fault case
showing the saturation due to the high current with dc offset.
Since there is little difference in magnitude between current Il’
which represents the total current contribution of three feeders,
and I, the two appear as a single trace. The difference current
Id = Iy - I.) is the current flowing in the 2170 ohm resistance
divider  of t%e relay. The plot wverifies the security on the
external fault, since the difference current reached only 40
percent of the .228 amp. peak needed to produce a trip.

Figure (6)

relay to
the txip
divider

a tendency use the 1rms trip current of the
determine the minimum pickup current. In this case
current using the voltage setting divided by the
resistance times the ct ratio:

There is

350

2170

I . = 200 =

min 32.3 amperes

However, saturation must occur since the voltage produced by this
current is 350 volts which exceeds the C-rating of the cts. This
calculation is suggested by the manufacturer since it is the only
recommendation that can be made in lieu of specific ct data.

10




Hﬁ%_SCﬁLE Ipri = 141422 MAX SCALE Isec = 787

b Side A Sec. Il

MAX SCALE ldiff = .25

Side A Pri. IA

| ~

Side B sec. 12

/

!
XX

=7

J
B!

N Id = (Il - I,

- DT = 5B microsec

- EXTERMAL FAULT MAX SCALE seconds = .B4
FIGURE 6. Primary, secondary, and diff. current for the
50000 amp. maximum external fault in a Type 87B bus
differential application using C-200, 1000/5 cts.
Hﬁ7.SCﬁLE Ipri = 989,9999 MAX SCALE Isec = 4,95‘ MAX SCALE 1diff = .25

§ide A Pri.

Id’(Il'I)

" Side B Sec. 12

N INTE*’;L FAULT

FIGURE 7. Primary, secondary,

350 amp. minimum pickup in a Type
1000/5 cts.

application using C-200,

11

\w

and 4diff.

DT =
HAX SCALE seconds = .86

current for the
87B bus differential



Figure (7) is the plot showing the waveforms of the minimum
pickup condition determined using the TWOCTS program. The case
shows that the rms calculation of 32.3 amps is misleading since
the minimum current to trip is shown to be 350 amperes. The case
demonstrates the value of the computer simulation since the
minimum pickup cannot be determined by a simple calculation once
saturation occurs.

The simulation clearly demonstrates the effectiveness of the high
impedance differential principle to provide security for
extremely high external fault current combined with good minimum
trip sensitivity.

Concluslons

1. A PC program has been written to simulate the interaction of
two current transformers connected to operate a differential
relay. The program called "TWOCTS" is an extension of the work
done in reference [11.

2. An necessary feature of the program is the modelling of a
saturating element to emulate the non-linear impedance operating
branch found in most machine differential relays. The program

will be found most useful in the application of solid state and
microprocessor based relays where an analytic model can be
defined.

3. The program uses the Froehlich equation as the mathematical
definition of the B-H curve of the ct core material. Where
programs like EMTP require the points of the magnetizing curve to
be stored, the use of equation of the B-h curve allows a
convenient ct definition by entering the C-rating, voltage
kneepoint, or by ct core cross sectional area.

4. The program verifies, both the security of an application the
maximum external fault and the minimum operating current for the
internal fault condition in machine differential and high
impedance bus differential applications.

5. The program allows the relay engineer to analyze the relation

of ct rating, and lead impedance and to optimize settings in each
application of differential relaying.
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