BBC

BROWN BOVERI

NEW APPLICATIONS REQUIRING SOLID STATE
PROTECTIVE RELAY CHARACTERISTICS

STANLEY E. ZOCHOLL

BROWN BOVERI ELECTRIC
DISTRIBUTION APPARATUS DIVISION
HORSHAM OPERATION
HORSHAM, PA

PRESENTED BEFORE THE EIGHTH ANNUAL
WESTERN PROTECTIVE RELAY CONFERENCE
OCTOBER 27-29, 1981
SPOKANE, WASHINGTON

Brown Boveri Electric



NEW APPLICATIONS REQUIRING SOLID STATE
PROTECTIVE RELAY CHARACTERISTICS

ABSTRACT

This paper covers some design aspects of solid state relays which benefit
the user but may not be readily apparent.

One is the ability to obtain a high continuous current rating without a
loss of sensitivity. Two application examples covered are a new harmonic
restraint relay useful in pilot wire relay schemes and current detectors for
breaker failure schemes. In these applications low burden is important and
the design offers improvement over electromechanical constraints.

The second is the ability to tailor the frequency characteristics of solid
state relays. Frequency characteristics are not well known or defined in con-
ventional relays. Flat frequency response over a range of frequency is de-
sirable in certain applications. Also, selective frequency characteristics are
useful in generator ground schemes.

A third aspect is sequence networks which are easily implemented in solid
state relays. Applications discussed include ground directional relaying and

open fuse detection in capacitor banks.

Also covered are torque control provisions and applications, and sector
width control for directional relay applications.

SOLID STATE HARMONIC RESTRAINT RELAY

Tt is common practice to use a harmonic restraint relay in conjunction with
pilot wire relaying on a transmission line feeding a transformer. In this appli-
cation the harmonic restraint relay prevents the pilot wire relay from tripping
on the high magnetizing inrush current when the transformer is energized.

In the conventional relay the three phase currents and neutral currents are
connected to an input mixing transformer, of the type shown in Figure 1A. With
this configuration there is a response for any combination of three phase current
and the ampere turn relation is:

(1)

(Il + I, + 13) N + (Il + Iz) N + IlN = 1

N

2 5SS
The conventional relay presents three problems in the pilot wire scheme.
First, the pilot wire relay has a similar input configuration and both relays

cannot be wired last in the current string. It is then necessary to use expen-

sive auxiliary CT's to connect the harmonic restraint relay.

Second, the burden of the conventional relay is high and presents an ad-
ditional problem used with auxiliary CT's. Third, the continuous current rating
of the conventional relay is low.
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FIGURE 1. INPUT MIXING TRANSFORMERS

The design of a solid state harmonic restraint relay alleviates these
problems. First, the input transformer is built as shown in Figure :B. This
transformer has the same response as that of conventional design shown in
Figure 1A. At the same time each current element is a series element which
eliminates the need for expensive auxiliary transformers.

A simple schematic of the relay is shown in Figure 2. The circuitry re-
quires a small signal voltage V, which is presented to two active second order
band pass filters; one tuned for 60 hertz and the other for 120 hertz. The
filters separate the second harmonic component from the 60 hertz fundamental.
These signals are rectified and compared by the differential amplifier U204.

A restraint signal occurs when the second harmonic component exceeds 157 of the
fundamental.
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FIGURE 2. HARMONIC RESTRAINT CIRCUITRY



Figure 3 shows a typical small signal zero drop rectifier used in the
circuit (U201). A non-inverting amplifier, U1l03A, conducts on the negative
half cycle of input.

A second inverting amplifier, Ul03B, conducts on the positive half cycle
of input. The feedback and input resistors of each stage are such that each
amplifier has the gain

VZ Ra + Rb (2)

The small input signal guarantees low burden and the signal can be select-
ed so that a high continuous current rating is possible. The secondary current
and burden resistance values are independent of the signal voltage since the
product of many I and R values gives the same output voltage Vn. Consequently,
the input transformer may be constructed with convenient turns ratio to make
the input practical.
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FIGURE 3. ZERO DROP RECTIFIER CIRCUIT

BUS TRANSFER CURRENT MONITOR (BREAKER FAILURE SCHEME)

Current monitors for breaker failure application have the conflicting re-
quirements of high continuous current rating with low pickup. The basic cir-
cuitry of the ITE-50H relay shown in Figure 4 will serve to illustrate how these
requirements are met in a solid state design.

The circuit measures the magnitude of the rectified signal, -Vy, by com-
paring it against a reference set by resistor R4 and the power supply voltage.
When Vi magnitude exceeds the reference comparator, U3 goes positive. The
output of U3 feeds a one-shot multivibrator U4. The one-shot outputs pure DC
as long as U3 is positive at least once each half cycle. This action energizes
the output relay. The variable resistor R3 provides a pickup adjustment and D&
prevents U3 from overvoltage damage.
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FIGURE 4. TITE-50H CIRCUITRY

The signal V, represents current and is obtained from the burden resistor
fed by the three phase bridge circuit. The input CT's T1, T2, and T3 feed the
bridge circuit.

The watt capacity of burden resistor Ry and transformer wire size sets
the continuous current rating independent of circuit signal level. Thus,
sensitivity can be combined with high continuous current rating. The circuit
also accomplished a 98% dropout ratio.

Note also that the Vq signal derived from the input current can be iso-
lated from the circuit by removing the externmal link on case terminals 9 and 10.
This "torque control" feature can be used to control the relay with other relay
functions. A second version of this relay is constructed with a timer inter-
posed between the one-shot and the relay driver. The instantaneous relay with
timer is designated ITE~50D.

The high dropout instantaneous relay and the high dropout instantaneous
with timer can be connected to form a critical bus transfer.

At '___C}_ Tok@uE comTRoeL @ ~3“5 FIGURE 5.
@ ’ - BUS TRANSFER SCHEME




Figure 5 shows a bus which is fed from either source S1 or source S2,
but the scurces may not be paralleled. The relays detect the coincidence of
current in both sources and time its duration. The ITE~50D trips the lockout
relay if the current duration exceeds its timer setting. This scheme usually
requires two instantaneous relays on a separate timer. However, this "torque
control" feature furnished on all Circuit Shield current relays enables the
use of the internal timer of the ITE-50D relay.

The schematic in Figure 6 shows the relay internal connections. When cur-
rent appears in both sources, the 50H picks up and closes its output contact
which is wired to the torque control terminals 9 and 10 of the ITE-50D. This
action enables the ITE-50D pickup circuit to receive the signal due to its
current input and start the timer T. If SZ breaker opens first, the ITE-50H
relay drops out. This action clears the signal to the ITE-50D circuit and stops
the timer. If current clears first in S1, the ITE-50D drops out and resets
the timer.

This scheme eliminates the additional wiring, cost, and test time associated
with the external timer. These relays have sensitivities down to 0.1 amps with
continuous ratings as high as 5 amperes. Pickup and dropout times are one cycle
or less and the ITE-50D timer is continuously adjustable from .0l to .03 seconds.
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FIGURE 6. ITE-50H & ITE~50D TORQUE CONTROL CONNECTION




SPECIAL FREQUENCY CHARACTERISTICS

Both conventional and solid state relays are designed to protect three

phase 60 hertz systems. However, numerous applications arise where it is nec-
essary to define the characteristic at frequencies other than 60 hertz.

Notable examples of such systems are railway systems still operating at
25 hertz. Large coolant pump motors in nuclear powered systems are run for
extended periods of time at frequencies as low as 15 hertz. Also, generators
supplying pulse energy in Princeton’s Tokomak Fusion Test Reactor Experiment
operate from 90 hertz down to 60 hertz.

Many solid state protective relays have proved satisfactory in these off
normal frequency applications partly because their characteristics are not affected
and partly because the characteristics can be defined.

Magnitude sensing solid state protective relays such as overcurrent relays
and single phase voltage relays are least affected by varying frequency. The
effect on their characteristics depend on the saturation point of the input
transformer and whether it occurs in the operating range of the relay.

The effect of variable frequency on the relay input transformer with re-
sistive burden is given by the relation:

N = (2Ms (M - MS/Z)I/2 (2)

where N is the peak output in per unit, M is the input in per unit of tap setting,
and Ms is the per unit input at which the last linear peak output occurs. A

plot of this equation and the output wave forms are shown in Figure 7. The para-
meter Ms is proportional to frequency and the equation can be used to determine
the relay characteristic at any frequency. The derivation of equation 2 is

given in Appendix I which has been taken from reference 1.
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FIGURE 7. RESISTIVE SATURATION PEAK VOLTS & WAVEFORMS



Figure 8 is the output cur
It can be seen that the 60 hert
60 hertz and M2 at 30 hertz.
of replotting the time-
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FICURE 8. TRANSFORMER OUTPUT FOR 60 HZ & 30 HZ

M1 occurs at M2 for 30 hertz.

Table I lists a small program written in BASIC which correlates 60 hertz
The program uses

per unit value with input for any specified frequency.

Ms = 2.299 at 60 hertz which is t

overcurrent relay design described in reference 1.

10
20
21
22
30
40
50
60
70
80
90
100
110
120
130
140
145
150

TABLE I. FREQUENCE CORRELATION PROGRAM

AND RESULTS FOR 30 HERTZ

PROGRAM

INPUT F
A=2.229%F/ 60

DISP "OCFREQ"

DISP [ X ]

DISP "60HZ';F;"HZ"
FOR M=1 to 20

IF M<2.299 THEN 80
N=SQR(2%2.299% (M~2.299/2))
GOTO 90

N=M

IF N<A THEN 120
M2=N#N/ (2%A)+A/ 2
GOTO 130

M2=N

DISP M;M2

NEXT M

GOTO 10

END

Correlating M1 and M2 values give
current characteristics of an overcurrent relay for
any given frequency. In other words, the trip time for a 60 hertz input of

ve plotted for 60 hertz and 30 hertz current.
z output N1 occurs for a per unit of M1 at
s a method

he saturation point used in the Circuit Shield

30HZ RESULTS

M1 M2
(60HZ) (30HZ)
1 1
2 2.31
3 4,27
4 6.27
5 8.27
6 10.27
7 12.27
8 14.27
9 16.27
10 18.27
11 20.27
12 22.27
13 24.27




When the parameter Mg adjusted for the maximum frequency of interest is
beyond the operating range of the relay, the relay has a flat frequency response.
Examples of this type of design are the overvoltage and undervoltage relays,
ITE~59 and ITE-27.

GENERATOR GROUND FAULT PROTECTION

The flat frequency response of the input transformer can be combined with
internal circuitry to achieve special frequency characteristics. An example
of this type of design results in two voltage relays which afford 100% pro-
tection for the stator winding, the ITE-59G and the ITE-27G.

Overvoltage Relay

The ITF~-59G is a low pickup overvoltage relay connected as shown in Fig-
ure 9.

FIGURE 9. ITE-59G FOR GENERATOR GROUND FAULT PROTECTION

Low pickup, and third harmonic rejection are achieved by the use of ampli-
fication and a special frequency measuring circuit which disables the relays
when the frequency exceeds 90 Hz. This combination results in a sensitivity
as low as 1 volt, and an infinite rejection of 180 Hz. These figures compare
with approximately 6V pickup for electromechanical types, and an 8 to 1 ratio
of third harmonic rejection.

The zone of protection afforded in generator protection, however, is de-
termined by the ratio of the pickup to the continuous (or the 10 second) rating.
Mechanical types have a 69V continuous rating, with 6V pickup, allowing pro-
tection against faults down to about 927 of the winding. The 59G relay has
continuous rating of 208V, which protects 987% of the winding.

Both the mechanical and the solid-state relays give more protection if
used within their 10 second ratings, 300V and 480V respectively., However, ia
more reliable overall scheme results from the use of the continuous rating,
since external auxiliaries are not required to disconnect the low pickup relay
after it has operated.




Since the (usual) delta-wye connection of the unit transformer limits the
reach of the 59G to the transformer primary winding, the 59G need coordinate
only with the potential-transformer fuses. This is easily accomplished with
the inverse-time delay curves, as shown in Figure 10.

YOLTAGE TAP SETTINGS
2.8.9.12,18.18
122448

e

\\\\\\\6 ~
\

~

/////

/

I///

P

FIGURE 10. ITE~59G TIME-VOLTAGE CHARACTERISTICS

Figure 11 shows the frequency response of the 59G. The pickup at 5 Hz.
is the same as at 60 Hz., and is actually lower from 5 to 60 Hz. than at 60 Hz.
This allows the 59G to provide start-up protection, as well as primary pro-
tection. For this reason, no special voltage relays or auxiliaries are required
for start-up protection, and overall system reliability is improved.
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FIGURE 11. FREQUENCY RESPONSE, TYPES ITE-59G & ITE-27G




Undervoltage Relay

The ITE-27G is a companion relay to the 59G, and provides protection for
the last part of the winding down to, and including the neutral. The design
is similar to, but opposite of that of the 59G, in that the 27G will open its
back contacts for any voltage in excess of the setting ONLY IF the frequency
is greater than 120 Hz. Thus, the third harmonic voltage normally present
across the neutral resistor holds the 27G back contacts open. During fault
conditions, this voltage will be 60 Hz. and the 27G contacts close. If the
fault is exactly at the neutral, the relay sees zero volts and will drop out
for this condition as well. This is illustrated in Figure 12.

At 60 Hz. 27G ;L: J* 59G At 180 Hz.
27G
—29G Legend —
Contact Closed: Up
Contact Open: Down
276 59G
ov 1V 208V 208V AR—

FIGURE 12. TYPES ITE-27G & ITE-59G CONTACTS
SHOWN AT MINIMUM TAPS
AT 60 HZ & 180 HZ

The combination of the 59G and 27G, then provide 1007 protection of the
generator winding. Contact logic for both the 59G and the 27G is shown in
Figure 12 at 60 Hz. and 180 Hz.

The relay may be used to trip or alarm and has a 208V continuous rating,
the same as the 59G. Pickup is adjustable from 1 to 12V (at 180 Hz.) and time
delay on dropout from 1 to 10 seconds, definite time.

The 27G contacts should be supervised by a voltage relay on the generator
terminals to avoid false operations before the field is applied or while starting
up at reduced voltage. This can be the normally-open contact of either the
ITE-27 or ITE~-59 since both have two Form C contactgs. The frequency response
of either of these relays is compatible with the scheme, being flat from 20-400
Hz., as shown in Figure 13.
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FIGURE 13. FREQUENCY RESPONSE, TYPES ITE-27 OR ITE-59
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NEGATIVE SEQUENCE NETWORK

By definition sequence components are obtained by phase shift and phasor
addition of three phase quantities. These are linear circuit operations easily
implemented in solid state relays. For example, negative sequence current is
easily extracted by the input circuit shown in Figure 14. In this circuit a
voltage Vi proportional to the current (I4 - Ip) is derived by means of the
input transformer Tl. A similar transformer, T2, is used to derive the voltage
Vo, which is proportional to the current (I ~ Ig).

A current proportional to Vi but shifted 60° is derived by the RC circuit.
This current is summed in the operational amplifier, Ul, with a resistive cur-
rent derived from the signal voltage Vp. The resulting amplifier output, Vg,
is proportional to negative sequence, Ig2. .

In the voltage version of this circuit, the signals Vi and V2 are made
proportional to the input voltages Vpp and VB(C respectively. The circuit then
extracts the corresponding negative sequence voltage Vyz2. A negative sequence
directional relay is implemented using the current and voltage circuits and
then timing the coincidence of V,, and T,, in a block-block scheme.

A
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I ot X
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B —et & [— %‘/ 4 R T
{ g v
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) | +
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- . § sz V,= K (I4-I.)
| Voo Vi v, £
[72n. —— o+ e—— o

L Vo= K g—o{cfa”rb)&b* (Ie"fz )}

FIGURE 14. NEGATIVE SEQUENCE INPUT CIRCUIT

The negative sequence directional relay can be used to 'torque control"”
any of the solid state overcurrent relays in the manner of the ITE-50D relay
shown in Figure 6 and to be explained later. Negative sequence directional
instantaneous relays and directional negative sequence overcurrent relays are
particularly useful in the following applications.
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NEGATIVE SEQUENCE GROUND RELAYING

Zero sequence mutual coupling between transmission lines sharing the same
right of way or tower can be as high as 60% of the positive sequence impedance
of one circuit. Consequently, faults on one line cause zero sequence current
in the other and possibly false relay operations.

Negative sequence coupling between such lines is negligible because of
line transposition. Consequently, negative sequence overcurrent and directional
relaying offer reliable ground fault protection for such applications. A com-
bination 32Q negative sequence directional relay torque controlling a 46D
definite time overcurrent relay gives the relay function desired.

Negative sequence directional relaying offers an advantage in systems
using auto transformers. In such systems, zero sequence polarizing currents
can be obtained from either a current transformer in the auto transformer neutral
or from three current transformers in the tertiary winding.

However, either of these currents can reverse polarity for some combination
of auto transformer and system parameters.

When these conditions occur, the line relays fail to clear a fault on the
line.

For a high side fault, the particular conditions may be analyzed using the
zero sequence network shown in Figure 15. 1In this figure Z7, Z7 and Zg are
respectively the low side, tertiary, and high side zero sequence impedances of
the auto transformer. Zyg is the system zero sequence impedance back to a ground
source.

?LS ”Wéggz 2#
IR A Al Y o Y'YV -
[, T
L 2 “

FIGURE 15. SYSTEM ZERO SEQUENCE NETWORK

Typical values for a 90 MVA 345/69/13.8 kV auto transformer are Zj, = 0.98%,
Zy = 5.5% and Zp = 7.89%Z.

First, since Zj is negative, it can be seen that the tertiary current can
go to zero when the system impedance Zyg equals Z1, in magnitude. The polarity
of the tertiary current is correct for system impedance greater than this value,
but incorrect for impedance less.
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Secondly, the neutral current polarity can reverse. The neutral current
is the difference between the high side current Iy and the low side current
I, expressed in amperes rather than per unit as in the sequence network.

The division of the high side current into low side and tertiary current is
affected by the system impedance and must therefore be analyzed.

IN (in amperes) goes to zero for the case where

(VL/VH) = zT/(zLS + zL + ZT)

where V; and Vg are the low side and high side nameplate voltages. For the
auto-transformer parameters stated above, this occurs for Zyg = 32.4% (on the
90 MVA base). For Zyg greater than this value, Iy has the correct polarity.
For Zyg less than this value, the relays will fail to see the fault.

The use of zero sequence voltage polarizing is an alternative to the cur-
rent polarizing. However, the auto-transformer presents low zero seguence
impedance and the voltage drop may be too low for reliable polarizing.

Negative sequence voltage and current (V2> I5) are always in the proper
polarity since they are not involved in the division of I, current caused by
Zp vs 41, + Z15.

In addition to the above reasons, negative sequence relays are preferred
for the following equipment considerations:

No PT's are required to form Vj.
No tertiary CT's are required in the auto-transformer.

Neither Iy nmor IT must be wired in series among every ground relay
(primary and backup).

CAPACITOR BANK PROTECTION

The combination of high continuous current rating and sensitivity of the
ITE-46D current balance relay has been used to detect an open fuse in a large
capacitor bank. The negative sequence relay has an 8 amp continuous rating and
a pickup sensgitivity as low as 0.1 amp negative sequence current.

The capacitor bank is an ungrounded wye 14.4 kV, 12 MVAR bank. Each leg
consists of two series groups of 10 parallel 200 KVAR capacitors with a 400/5
amp current transformer. Auxiliary current transformers are used to step up
the relay current in a 2:1 ratio. In this configuration the unbalanced current,
due to an open fuse, operates the relay. Extra care must be taken in calibration
and relay testing. However, this arrangement provides an economical protection
scheme.
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TORQUE-CONTROLLED TIME-OVERCURRENT RELAYS

All type ITE-51 Time-Overcurrent relays contain, as a standard feature,
provisions for controlling both time and instantaneous functions. The con-
trolling device may be any other protective relay with contact output.

Time-current curves of the various types are not affected by the control-
ling relay, simplifying coordination, and allowing standardization of the
Type 51 Time-Overcurrent relay throughout the system. The controlling relay may
be added to existing installations as changing requirements dictate.

The ITE solid-state design is not really "torque-controlled", but the
operation of the scheme is similar to that with electromechanical relays. The
controlling action is represented in Figure 16.

' N
CONTROLLING I
RELAYS N~ 1
T __ 7T 1
50 51
FOR FOR
TIME INST [; ]

s |
ONE
PHASE
OF 4 3
) ¥
./

THREE

TYPE ITE~-51 TIME-OVERCURRENT RELAY

FIGURE 16. TORQUE CONTROL CONNECTIONS

As indicated in the diagram, neither the 50 nor the 51 circuits receive
an input until the controlling relay's contact closes. For non-controlled over-
current relay operation, links on the rear terminal molding allow normal opera-
tion. When used with a controlling relay, all the dynamic characteristics of
ITE-51 Time-Overcurrent relays are retained. These include:

a) Impulse time within % cycle of the time~current curve.
b) Reset time less than 1 cycle.

The controlling relay may be any type of protective relay. One isolated
normally open contact is required, to control

a) the time function, or

b) the instantaneous function, or
¢) the time and the instantaneous functions.
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The relays are shipped with shorting links across terminals 9-10 and 10-11. )
To use with controlling relays, remove the link from 9-10 to control the INST Lo
element, or the link from 10-11 to control the TIME element.

Two possible arrangements are shown:

VOLTAGE CONTROLLED TIME OVERCURRENT RELAY DIRECTIONALLY CONTROLLED TIME OVERCURRENT RELAY
Control TIME Omnly Control TIME and INST

v Vb v, Other
T Function (=) (+) | 1 :

{ f poeq ogobg 1-al
o © o! L l ! ! ! ! !,!
ITE~47 8 1
ITE-32

3 Phase
U.V./PH. SEQ. 3 Phase

12 OijQ 0—”—0 O / RELAY DIRECTIONAL
T 169 ;1 ?“,q T/‘T,\_O 9 RELAY
I 1 ) .
{ < i by a .

ITE-51 = 5 2

6 1 3 Phase
TIME 0.C. . LTE-51

1109

: o O\, oo
RELAY 3 Phase

% TIME 0.C.
12 9 Oy Q 7 1 RELAY
12 g

l(+)

=1
o

//u:
\¢
{3
Le]

s 57 LINK remains

a between Terminals 1
52 9 and 10 ’
TC {-) 52 i

TC (-

w
o

o |

The directionally controlled combinations are shown for the phase relays
only. Similar combinations with ground directional relays can also be used.
Separate ground directional relays may not be necessary if the ratio of fault
to load current is high enough, since the ITE-32 will also operate for a ground
fault, and its second contact used to control a residual overcurrent relay.
Alternatively, the unused contact of the ITE-32 may be used for another func-
tion.

Advantages of the ITE-32 relays include adjustable maximum torque angle
and adjustable sector width,

These features are useful in the following two line protection problems.

42 kV Substation at Turbine Plant

Conventional directionally-controlled time—overcurrent relays were difficult
to apply due to the wide differences in load flow depending on whether the tur-
bines were on or off line. The problem was compounded by the fact that fault
and load currents were very nearly equal, requiring that the basic discrimination
be accomplished by the directional unit.

15



Figure 17 shows the system simplified, and Figure 18 the positive sequence
volts and amps seen by the relay at G. The conditions shown are load currents
with the turbines on and off line, and phase-to-phase fault currents with tur-
bines on and off. Three-phase fault currents have the same vector relation-

ships since the ITE-32 operates on positive sequence components, not the phase
currents.

‘ Quadrature Connection
H l# 180° Directional Relay

Load~
Turbines ON

2LV

Vai

G Load-
Turbines OFF

:Eu :%L ‘ urbines OFF
Faults
Turbines ON

FIGURE 17 FIGURE 18

Note that a directional relay with 180° characteristic will operate on 3,
and probably on all 4 of the conditions shown.

Figure 19 shows how this problem was solved by use of the ITE-32 with sec-
tor-width at 90°. These settings allow positive action of the directional unit -
no contacts are closed for load conditions; and since it is basically solid-
state, there is plenty of torque available for both fault conditions.

Trip Sector

/

’\

FIGURE 19
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Parallel Lines with Taps

Figure 20 shows parallel 230 kV lines each tapped to power transformers
serving loads. Power-factor correction capacitors are also included on the
low-voltage bus.

The problem was how to isolate the transformer connected to the faulted
line while maintaining service to the load through the sound line.

Figure 21 shows load and fault conditions for relays A and B for a fault
on line C. An ITE-32 is used to trip breakers A and B for currents in the
indicated directions. The sector-width, however, is set at 90° in this case,
with the maximum-torque angle also set at 90°,

As shown in Figure 21, this characteristic allows opening only breaker B

for a fault on line C, while affording plenty of room for leading power-factor
conditions occurring, for example, during light load conditions.

Line C //V)ﬁ
—0—

Trip
Sector

Tn)

!

'
gl

3¢
3t
¢
1S

FIGURE 21

Loads fr

FIGURE 20

CONCLUSTON

Solid-state relays employ active and linear circultry to provide classical
relay functions. This circuitry provides some apparently mutually exclusive
features such as high sensitivity combined with high current withstand beyond
the limits of conventional relays.

In addition, solid state relays provide a variety of features such as
special frequency characteristics, sequence network characteristics, variable
sector characteristics and torque control which solve special application
problems.
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APPENDIX I - DERIVATION OF SATURATED PEAK VOLTAGE OF A CURRENT TRANSFORMER
WITH RESISTIVE BURDEN

Assume that the instantaneous values of the transformer secondary current
(I1) in burden resistor Rp can be expressed by:

11=Il sinwt (1I-1)
This current causes a voltage drop in the burden resistor RB equal to:
v.=V, sinwt (I-2)

1 1

where V;=IjRp. When there is sufficient voltage to saturate the transformer
core, let the total flux change during a half cycle of the sine wave be 20.
As shown by the hysteresis loop of figure (I-1), this is a flux change from
-fg to +P0g during a positive half-cycle of voltage, and from +fg to -Pg during
a negative half-cycle of voltage.

The voltage (vy) is related to the flux change by the internal equation:
t1
205=(1/Ng) S vldt (1-3)
o

where Ng is the number transformer secondary turns. Substituting equation
(I-2) for vy and 6 for wt in equation (I-3), gives:

6
20 Ng =vlf1 sin 6d0 (I-4)
Since the right side of equation (I-4) has the dimension of volts, let
VS=2¢SNSw . Making this substitution and integrating the result gives:

l—(VS/V1)=cosel

Expressing cos 07 in terms of sin 6; and noting that sin 61=v1/V1 from equa-
tion (I-2).

2 2
(Vg/V1) =2(Vg/V)+1l = 1~(v1/Vy)
Therefore, the saturated peak voltage (vy) equals:
~(2 9 0.5
Equation (I-6) can be expressed in multiples of pickup current by letting
Vi = MVyy and Vg =MgVyq where Vq; is the peak secondary voltage when pickup
current is applied to the transformer.
With these substitutions, equation (I-6) becomes:
(v, /V77)=N=(2Mg (t1tg/2)) 0 (1-7)
17711 s s

Equation (I-7) is plotted in figure (I-2) along with the resulting voltage
waveform at various multiples of pickup current.
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As shown in Figure (I-2), an input of (Mg/2) produces a sine wave output
with a volt-time area equal to that of the transformer core. When the input
is Mg, the output is 90° of a sine wave and the last linear peak occurs. When
the input exceeds Mg, the volt-time area occurs in less than 90° and the peak
output volts follow the parabola described by equation (1-7).
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FIGURE T-1. HYSTERESIS LOOP OF INPUT TRANSFORMER CORE
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z z \
2| \
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0 .5Mg Mg M Mg % \4

M{MULTIPLES OF PICKUP I)
FIGURE I-2. RESISTIVE SATURATION PEAK VOLTS & WAVEFORMS
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