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For the past 15 years solid state circuits have been used to construct
overcurrent relays. Yet little is in the literature as to the relation
of these circuits to the inverse time current characteristics needed
for power system coordination.

This paper discusses the characteristics originating with electro
mechanical relays and how they are derived using simple linear RC circuits.
At the same time new circuit techniques are introduced for extending
time and providing a range of characteristics.

Inverse Time Current Characteristics

An overcurrent characteristic is established by pickup current and
time dial settings. Pickup current is usually selected in discrete
steps by means of a tap block. The time dial is a continuous adjust-
ment allowing the selection of a time scale in a 15 to 1l range.

Overcurrent relays produce three decades of time delay over two
decades of input current. It is therefore convenient to plot their
characteristics on log-log paper with time as the ordinate and current
as the abscissa. Current is usually expressed in multiples of the
pickup setting.

What should be the shape of an inverse time-current characteristic?
Pure inverse functions plot as negative slope straight lines on log-log
paper. These are functions where time is inversely proportional to a
power of the current. The slope of the plot indicates the power.

Whereas the straight lines are convenient to plot, fixed clearing
time must be added to obtain the total characteristics. When fixed time
is added a curve is formed and the upstream relay must invariably
coordinate with a curve. It may then be inferred that the ideal
characteristic is an inverse function with added fixed time.

Induction Disk Characteristics

Exactly what are the characteristics used to date?

According to Appendix A, electromechanical relays produce a
characteristic: t=(T1/(M2—1)) 4+ TO (1)

where t is the trip time and M is the current expressed in multiples of
pickup. The parameters T, and T, effect the time scale and the shape

of the characteristic. For example the time dial control of an induction
disk relay sets the angle through which the contact must rotate to

reach its contact position. Appendix A shows that T. is proportional

to the angle 8. However, the angle affects only T, while T, remains
constant. Consequently the shape of the characteristic is altered with
time dial setting.



The disk relay exhibits a long total,reset time equal to (T1 + TO)-
This is obtained by setting the torque (M“-1) equal to one expressing
the condition where the spring alone drives the disk back through the
total angle of travel. Nevertheless, the characteristic is an inverse
function of current with definite time added and therefore is convenient

to apply.

Three typical induction characteristics are plotted in figure (1)
with a slope one and a slope two inverse characteristic for comparison.
The slope one curve labeled T In(¥/(M-1)) is used in a later discussion.
The slope two curve labeled T</(M2-1) is a basic component of both the very
and the extremely inverse indiction disk characteristics which differ only
in their definite time component.

The inverse characteristic is a separate case where the magnetic
circuit of the relay saturates at a current less than pickup so that the
torque is no longer a function of the current squared.

The Solid State Relay

The characteristics obtained electromechanically can also be obtained
using simple linear circuits. An elementary solid state overcurrent relay
can be constructed using two comparators and an RC timing circuit as shown
in figure (2).

In figure (2), V. is the DC input voltage and V. is the trip reference.
V. is proportional to current and can be obtained by rectifying the voltage
drop across the burden resistor of a current transformer.

When the input exceeds the trip reference comparator Ul turns off the
transistor Ql. This allows the capacitor to charge. When the capacitor
voltage reaches the trip reference comparator U2 turns on Q2 which energizes
the output relay.

Since pickup occurs when V, equals V_ the input can be expressed in
. T
terms of the trip reference. T%ese voltages are related as follows:

(VT/V1)=(VT/MVT)=(1/M)=(1~eXP(~t/T)) (2)

In equation (2) T is the time constant of the RC circuit and M is the input
in multiples of pickup. Solving this expression for t gives the time-
current characteristic:

t=T.1n(M/ (M-1)) (3)

This is the slope one characteristic shown in figure (1).

The simple RC circuit produces only a slope one characteristic. How-
ever, the following analysis shows an RC network can produce a slope greater
than unity.

The right hand side of equation (2) is a time function giving the
specific shape to the time current characteristic. Therefore the time
function:

(1/M)y=£ (t) (4)




can be obtained by plotting a value of time as the abscissa and the
reciprocal of the corresponding value of M as the ordinate. For
example, if the f(t) where plotted for a slope two inverse curve the
result would be as shown in figure 3.
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A piece-wise linear approximation of the curve is also shown
which has been resolved into the components V \) 3 and V Fach
component is in itself a linear approximation of %he exponentlal
v,=A. (l—exp (-t/T.)) (5)
J 3 p( J

Tt can be seen then, that the sum of exponentials, represented
by the components, form a smooth curve emulating the desired f(t).

The function of time

n
(V /v ) (1/M)=% Aj(l-exp(-t/Tj)) (6)
j=1

is the response of the linear RC curcuit shown in figure 4, Once the
Aj and Tj values have been determined, the resistance and capacitance
values can be determined by an analytic process. Consequently an
extremely inverse characteristic can be obtained when an RC network is
used in figure 2 in place of the simple RC circuit.
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How many components are required to give a close approximation?
For example the equation

T,=19.6/ 2’ 1) @
is the inverse portion of equation (1) for the #5 time dial of either
an extremely inverse or a very inverse induction disk characteristic.
The exponential equation
(1/M1)=.6685(1—exp(t/20))
+.2479(1~exp (-t/1.9))

+.0836 (1-exp (-t/0.1) (8)
approximates the equation within 3% over a range of M from 2 to 10 multi-
ples. As shown in table I, this example shows a close fit with just
three exponentials.

TABLE T
t (SEC) M(eq 7) M(eq 8) % DEV.

6.53 2 1.96 -1.9
2.45 3 2.94 -2.1
1.31 4 4.01 +0.3
.B17 5 5.08 +1.6
.311 8 7.83 -2.1
.198 10 9.69 ~3.0

References (1) and (2) discuss the use of RC network in a large
signal design. This circuit has the disadvantage that each circuit element
is related to the other through the exponential equation so that choosing
one capacitor determines the others. It then becomes necessary to parallel
standard capacitors to obtain precision circuit values.
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A new circuit is shown in figure 5 which uses a summation amplifier
to add the outputs of independent RC circuits. There is no interaction
because the inverting amplifier terminal is virtually ground. Hence R7
is essentially in parallel with R2 as is R8 with R4 and R9 with R6.

Starting with known T; and A values from equation 6, the gain
resistors R7 through R10 and capacitors Cj, Cy, and Cy can be assigned
independent standard values. The remaining resistors are given by the
following relation.

R1=(T1/A1)(1/C1) R3=(T2/A2)(1/C2)
K= (Al/ (1‘A1))R1 K= (Az/ (1—A2))R3
R,7K R,/ (Ry=K))  R=KRe/(Rg=Ky)

R5= (T3/A3)(1/C3)

Ky= (A3/(1~A3))R5

Rg=KyRg/ (RgK,)

New Circuit Techniques

The circuit of figure 5 is arranged as an oscillator which combines
both exponential time delay T,, and the definite time T, to make up the
total characteristics of equation (1). The output of the circuit is a
square wave with the period (TM+TO).

The output of U4 1s the sum of exponentials which require the time
T to reach reference. This time is dependent on current magnitude.
Tﬁe negative going signal from U4 feeds the comparator U5 which is also
fed a positive reference current. This is set by a resistor conmected
to the positive supply and sets the output of U5 negative.

When the signal from U4 drives sufficient negative current offset
the positive reference, U5 output goes positive. This action energizes
the one-shot multivibrator composed of NOR gates U6-1 and 2 and the
associated RC circuit.

The one-shot outputs a pulse of fixed duration Tg. The pulse turns
on transistors Qy, Oy and Qg which completely discharge the capacitors.
When the output of U4 falls to zero the comparator resets and the time
delay process begins again.

Consequently the circuit output at Ub-1 is square wave fixed
magnitude but with period proportional to the desired time current
characteristic. Furthermore the circuit can produce the extremely
inverse or the very inverse characteristic simply by setting the
one-shot time Ty. It can also be shown that a single RC circuit and a
fixed time Tp gives the inverse characteristic.
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Time Dial Circuit

Figure 6 shows the time dial circuit utilizing a one-shot multi-
vibrator and an RC integrator. The output of the RC circuit feeds
the comparator U7 which energizes the output relay.

The one-shot is made up of the NOR gates U6-3 and 4 and the
intermediate RC circuit. This circuit is triggered on each leading
edge of the square wave from the oscillator circuit. The one-shot
output is a standard pulse with occuring at a frequency determined by
input current. A predetermined number of pulses charge the Integrating
capacitor to reference value which turns on the comparator U7.

The number of pulses to cause trip is determined by the RC time
constant of the multivibrator and by the RC time constant of the
integrator. The latter is used for the time dial control and the
former is a calibration control compensating for tolerance of circuit
elements. Timing begins when the pickup circuit of the relay turns
off the transistor Q5.

The pulse count multiplies the time constant of the RC circuits
so that long time delays can be achieved with small capacitors in the
time oscillator.

The time dial circuit determines the time scale of the relay.
Various ranges of short time and long time relays can be constructed
with the change of a capacitor value, while the shape of the char-
acteristic is unchanged.

Input Circuit

In a solid state relay a signal voltage proportional to current is
obtained from a burden resistor connected across the secondary of an
input current transformer.

Figure 7 shows a tap selected resistor connected to the DC side
of a three phase rectifier. Input current transformers T,, T2 and T
feed secondary current through the bridge diodes to the burden resisgcr.

Connecting the burden resistor to the DC side avoids the half
volt drop per series diode and the three phase connection produces
the peak of the highest phase for any combination of input current.

The circuit provides a simple means for an extended tap range
in a three phase overcurrent relay. For example, the two tap block
arrangement shown provides a 1 to 12 amp tap range in one ampere
increments.



The signal voltage must be a DC voltage proportional to peak current in
order that the relay response is the same for both three phase and single
phase current. Amplifier U and its associated diode and capacitor form
the peak detector and the output voltage Vl is the desired DC signal.

Pickup Circuit (Figure 7)

The solid state relay needs a pickup circuit to initiate timing when
the input current exceeds tap setting and to quickly reset when the current
falls below tap setting. Amplifiers U2 and U3 form a retriggerable one-
shot circuit to provide this function.

An input reference is obtained from a resistive divider and connected
to the non-inverting terminal of U2. The unfiltered rectified signal feeds
the inverting terminal. The output of U2 remains high as long as the input
remains below reference. Therefore its diode is reversed biased, its
capacitor is discharged and the input to the non-inverting input of U3 is
high, exceeding its reference. This causes U3 to remain high indicating
reset.

When the input exceeds the reference, the output of U2 goes low
causing the output of U3 to go low indicating pickup. When U2 goes low,
the capacitor charges instantly through the diode, pulling U3 input below
reference. Even though the rectified signal drops below reference every
half cycle the capacitor charge keeps U3 input low for at least a half
cycle. Consequently U3 will remain low for all peaks equal to or exceeding
reference but will reset a half cycle after the peaks fall below pickup.

Conclusions:

Solid state techniques have been described which produce standard
time current curves necessary for system coordination. Such characteristics
are normally associated with conventional electromechanical relays.
However new circuit techniques make it possible to furnish a range of
uniform characteristics with a minimum of circuit change standard components.




References

1. Solid State Overcurrent Relay with Conventional Time Current Curves, by
S. E. Zocholl, Presented to the IEEE Winter Power Muting, New York, N.Y.,
January 30-February &4, 1972,

2. New Solid State Protective Devices for Utility Power Plant Applications,
by D. Dalasta and S. E. Zocholl, Presented to the 1973 Protective Relay
Conference Georgia Institute of Technology May 3-4, 1973,

3. Astable and Monostable Oscillators Using RCA COS/MOS Digital Integrated
Circuits, by J. A, Dean and J. P. Ripley, RCA Application Note 1CAN-6267.

4. Handbook of Operational Amplifier Applications, Burr-Brown Research Corp.,
First Ed. (Fifth Printing) 1963.

5. Analysis of Linear Systems, by David K. Cheng, Chapter 4 pg. 97-116, Addison-
Wesley Publishing Co., Inc. 1959.

- 11 -



Appendix A

Induction Disk Fquation

The differential equation for the induction disk mechanism is
T = m(dw/dt) + Dw (1)

where Tis the net torque driving the disk, m is the moment of inertia of the
moving parts, W is the angular volocity and D is the damping factor contributed
by the drag magnet. The solution for the disk angle of rotation for a constant
torque is:

8 =(1/D) (t-(m/D) (1-exp (-(D/M)t))) (2a)

The design requires that the ratio of D/m be large. Hence the exponential
term decays rapidly. Neglecting this term has little effect and simply the
equation to:

8 = (T/D) (t- (m/D)) (2b)

The driving torque is the difference between the torque due to current and the
calibration spring torque TS. Therefore
2
T = K(MI -T (3)
( 11) s
where current is expressed as the factor M times the pickup current Ill’ K is a
proportionality factor, and TS is the spring torque.

When pickup current is applied the driving torque is becomes zero. At
this point the input just balances the calibration spring. This condition is
expressed by letting M equal one setting equation (3) equal to zero.

K12 - T =0 )

5 8
, = 4
KIT] = 1s (4) |
Consequently, the driving torque can be expressed in terms of the spring torque
and the factor M, which represents multiples of pickup current:

T = (M2-1) T (5)

Substituting this in equation (2b) and collecting terms results in the time-
current characteristic of the induction disk relay

= (1,/0(°-1) + 1 6)

0

where TO = /D

Tl = QD/ TS




