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ABSTRACT

This paper discusses test methods for determining the dynamic characteristics of an over-
current relay. By dynamics is meant the response of the relay to a current of varying
magnitude. The test method, originated by IREQ, is used by Hydro Québec to determine the
ability of new relays to coordinate with the installed base of induction relays. Contemporary
with this work, working group G7 of the Power System Relay Committee is completing a
standard for inverse time-overcurrent characteristics which define equations for microproces-
sor relays based on the physics of induction relays. The paper discusses the correlation
between the dynamic tests of induction relays and the proposed standard equations for reset
and trip characteristics of microprocessor-based relays.

INTRODUCTION

Presently there are no North American standards which deal with the implementation of
inverse time-overcurrent characteristics. Accordingly, IREQ has instituted dynamic testing
which determine the ability of new overcurrent relays to coordinate with the installed base of
induction relays at Hydro Québec. This paper discusses the test methods that have been
devised to measure the dynamic response and the reset characteristics of an overcurrent relay.

In the dynamic test, a current magnitude above pickup is applied and modulated with a
square-wave. In a similar test, current is varied between magnitudes above and below pickup
in repeated intervals in order to produce trip times which can be used to calculate reset. This
paper explains the test setups and the test procedures and presents the data obtained from
representative induction, static, and microprocessor type overcurrent relays. In all cases the
test criteria are based on the ability of the unit under test to reproduce the theoretical response
of an induction relay.

Contemporary with this work, the working group G7 of the Power System Relay Committee
of the IEEE Power Engineering Society is completing a standard project PC37.112 for inverse
time-overcurrent characteristics based on theoretical equations of an induction type relay. The
paper discusses the correlation between the dynamic test data and the proposed standard
equations.

THE GENERAL TIME DELAY EQUATION

The basic differential equation for input dependent time delay as it applies to the induction
relay is as follows:
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is the input current

is a constant relating current to torque

is the spring torque

is the disc angular velocity

is the damping factor due to the drag magnet

where:
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The small moment of inertia of the disc is neglected and the spring torque is represented by a
constant because the effect of its gradient is compensated by an increase in torque caused by
the shape of the disc.

To express the input current in M multiples of the pickup current [, let I = Ml,, in Eq 1:
KML)y -1, =Ko Eq 2

For M = 1, K1, = 7,. Also the angular velocity w = df/dr where 6 is the angular travel of
the disc and t is time in seconds. With these substitutions Eq 2 becomes:

T - 1) = Kd%‘; Eq 3

Integrating Eq 3 gives:
T T
6=\ " = (M-Ddt Eq 4
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Then dividing both sides of Eq 4 by 6 gives the dynamic equation:
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Where #(I) is the time-overcurrent characteristic and the constant A equals K 6/7,:
K, 0
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THE RESET CHARACTERISTIC

If the disc has an initial displacement from its reset position and no current is applied, the disc
will be driven in a negative direction toward the reset position. This is represented in Eq 6
by setting M = 0, which produces a negative number indicating the reset time and the rota-
tion of the disc in the direction toward reset. With this substitution Eq 6 gives the reset time
t:

K, 0

T
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and the reset characteristic for any value of M between zero and one is:

t
t = - Eq8
M -1

CURVES SHAPED BY SATURATION

The torque due to current is proportional to the square of the flux caused by the current, and
the derivation above assumes a linear relation between the flux and the current. It does not
take into account the saturation of the electromagnet, which is used to shape the time-
overcurrent characteristics produced by the induction principle. The degree of saturation used
to produce a particular curve can be determined by substituting the normalized flux for M in

Eq 6:
—
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where: ¢/¢,, is the normalized flux
t, is the reset time for I = 0
t is the time to operate

From Eq 9 the normalized flux in terms of the operating and reset time is:

_(_I)__ = i’+1 Eq 10
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The normalized flux versus M multiples of pickup can be determined by setting ¢, equal to the
total reset time with zero current and then substituting values of operating time corresponding
to various multiples of pickup current. Plots of normalized flux for an extremely inverse
COL11, a very inverse CO9, and a moderately inverse CO7 induction type overcurrent relay
are shown in Figure 1, and the resulting characteristics are compared in Figure 2. The plot
shows clearly that the electromechanical technique uses specific degrees of saturation to
produce the familiar time-overcurrent characteristic and shows the following order. The
extremely inverse relay saturates at 4 multiples of pickup, the very inverse at 2 muitiples (half
the previous value), and the moderately inverse at one multiple of pickup (again, half the
previous value). Where the Eq 6 emulates the shape of the melt time of a high voltage fuse,
the extremely inverse relay more closely emulates the clearing time of a fuse.
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Figure 1: Normalized Flux in Extremely Inverse, Very Inverse, and Moderately Inverse
Relays.
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Figure 2: Comparison of CO7, CO9, and CO11 Characteristics

SHORTCOMINGS IN CONVENTIONAL TESTING OF OVERCURRENT
RELAYS

Overcurrent relays are usually tested using a constant current source and a timer. By varying
the magnitude of the constant current, the static time-overcurrent characteristic can be plotted.

There are at least two shortcomings with this technique:

a) Dynamics of the relay, or how the relay is going to respond to time-varying currents, are
not assessed.
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b) Because time is negative in the reset region, the reset characteristic is not plotted. Reset,
for this reason, has been historically neglected. The next paragraphs provide methods to
circumvent these problems.
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Figure 3: Arbitrary Time-Varying Current

RESPONSE OF AN OVERCURRENT RELAY TO AN ARBITRARY

CURRENT WAVEFORM

Consider an arbitrary 60 Hz current waveform as shown in Figure 3. Consistent with the
derived dynamics of the overcurrent relay, the time-to-trip 7, can be computed by solving the
integral equation: :

J n 1o =1 Eq 11
o 1)

It should be borne in mind that this equation holds for all values of current above or below
pickup. If the magnitude of I were held constant and below pickup, #(7) would then be
negative and the integral would never reach 1. Therefore, the relay would never pick up,
which is the expected result.

Alternatively, a digital relay emulating an electromechanical relay will process a sum instead

of a continuous integral as in:
N

Loar-1 Eq 12
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where At is the period of processing and time-to-trip 7, will be provided by:
T, =N At Eq 13

In an electromechanical relay, it is the velocity of the rotating disc that is integrated to pro-
vide the position. In a static relay the result of the integration is usually a voltage across a
capacitor, while in a digital relay a sum equivalent to Eq 12 is performed.

The values of 7 for current between 0 and 1, which characterize the reset region, can be inter-
preted as follows. If a current above the pickup is injected into an electromechanical relay,
and the disc rotates up to the position where it is on the verge of closing its output contact



and at this very moment a current / between 0 and 1 is injected, the time it takes for the disc
to come back to its rest position is the one corresponding on the curve to the lower-than- ‘
pickup current. This indicates that the reset time is current-dependent.

A similar interpretation can be made for a microprocessor relay. If a current is injected into
the relay up to the point where the summation register is going to reach its maximum value
and at this moment a current below the pickup value is injected, then the time it takes the
summation register to come back to zero is the time shown on the curve for that particular
current.

The analogy can be extended to static relays. Whereas in the electromechanical relay the
result of integration is a disc position, in a static relay the output of the integration is a
voltage across a capacitor. The problem with static relays is that the capacitor is usually
short-circuited as soon as the current goes below the pickup value, which means that the reset
time is zero.

ASSESSING OVERCURRENT RELAYS DYNAMICS

The principles described above can be used to verify if the dynamic response of an over-
current relay is similar to that of an electromechanical relay. The test consists of applying a
time-varying current at the input of the relay for which the time-to-trip is predictable or can
be mathematically derived from Eq 11. That time is used as the reference value, and, if both
delays are similar, then the relay under test has a dynamics similar to an electromechanical
relay.

We need, then, a time-varying current waveform with a predictable time-to-trip. Consider the
waveform shown in Figure 4, in which the continuous line represents the magnitude of a 60
Hz waveform where the magnitude is being modulated by a square-wave. The magnitudes I,
and I, are both above pickup current and, if applied at the input of the relay as independent
continuous currents, the time-to-trip would be computed as:

T, =td) T, =td) Eq 14

The current waveform of Figure 4 can be generated using the laboratory setup of Figure 5.

Figure 4: Time-Varying Current Waveform
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Figure 5: Setup Used to Assess Overcurrent Relay Dynamics

If the period of the modulating square-wave is small with respect to the relay’s delay, the
time-to-trip can be computed using Eq 11:

Ll |7
5 ) Eq 15
+ = 1

td) t(L)

Substituting the values of Eq 14 in Eq 15 and solving for T, gives:

~ 21T, Eq 16
o T+T q

1 2

Dynamic Testing of an overcurrent relay can be performed using the following procedure:
a) First, delays 7, and T, are measured with constant currents I, and 7, applied to the relay.

b) The "theoretical" delay 7, is computed using Eq 16 assuming the dynamics is equivalent
to the electromechanical model.

¢) The real delays with the time-varying waveform applied are then measured and the error
computed as a percentage of the theoretical delays. The percent error provides the figure
of merit of the compliance of the relay dynamics with the electromechanical model.

In order to substantiate these principles, four types of overcurrent relays used on the Hydro
Québec network were subjected to a test in which the input current corresponds to the
waveform of Figure 2 with modulation frequencies of 5, 15 and 25 Hz respectively.

Type A: Induction-type overcurrent relay with a CO-9 characteristic

Type B: Commercially available static overcurrent relay used extensively by Hydro Québec
on its distribution feeder protection system.

Type C: Commercially available microprocessor overcurrent relay sold by a relay manufac-
turer.



Type D: Relay described in [3] and designed with a perfect match to Eq 12.

Analysis of the results in Table 1 revealed that:

- with an error ranging from -1.21 to -1.69%, this test pays a tribute to the venerable
induction-type overcurrent relay. The electromechanical relay presents an outstanding
performance, in fact, and is only slightly affected by a time-varying fault.

- Relay B is actually a static replica modeled using Eq 11 with a design similar the one
presented in [5].

- Relay C, with an error ranging from -8.9 to -26.7% shows extremely poor dynamics. This
example shows that the mere use of microprocessor technology is no guarantee of good
modeling, unless adequate steps are taken.

- Relay D, with an error always below 0.5%, could only perform as it did since its over-

current algorithm is an electromechanical relay emulation.

Table 1: Relay Response to Time-varying Current Waveform

Modulation Frequency S HZ 1SHZ 25 HZ

Relay | T,(s) Ts) T, T, Err To. Err T, Err
(theo) | (meas) | (%) | (meas) (%) | (meas) | (%)

2.83 7.54 4.12 4.07 -1.21 | 4.05 -1.69 | 4.05 | -1.69
2.09 4.33 2.82 2.82 0 2.85 0 2.82 0
3.22 7.20 4.45 4.05 -8.90 | 342 |-23.1 3.26 |-26.7
3.21 7.63 4.52 4.497 | -0.50 | 4.50 -0.44 | 4.50 -0.44
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EXPERIMENTAL DETERMINATION OF OVERCURRENT RELAYS RESET
CHARACTERISTIC

A principle similar to the one described above can be used to determine the relay’s reset
characteristic. Instead of a 60 Hz waveform modulated asynchronously by a square-wave, a
more carefully generated current waveform will be used to reduce errors. Consider the peri-
odic waveform of Figure 6 with period T,,,, + T,. Each period of the waveform consists of:

a) an integral number of cycles N, at frequency 60 Hz of duration T,,, and with amplitude
I, above the relay pickup value. In this region, the relay is subjected to an operating

current.

b) an integral number of cycles N, at frequency 60 Hz and duration 7, and with amplitude
I, below the pickup value. In this region, the relay is subjected to a reset current.

8



Unlike previous experiment 7, and 7, are not necessarily equal and the period can be
comparable to the time-to-trip delay. A combination of a Polynomial Waveform Synthesizer
and conventional relay testing equipment can be used to generate such a characteristic as
indicted in the setup shown in Figure 7. The Polynomial Waveform Synthesizer is used to

generate the waveform of Figure 6.
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Figure 6: Waveform to Determine Relay Reset Characteristics
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Figure 7: Laboratory Setup to Measure Reset Characteristics

Let us assume we want to identify the function #(7) in the reset region, and let such a wave-
form be applied at the input of an overcurrent relay, and let 7; be the measured time-to-trip.
If T, is the total time during which the relay is subjected to current [, and 7, is the current
during which the relay is subjected to current Z,, then by applying Eq 11, the following
identity should be true:

T, T

e 2 =1 Eq 17
1) td,)



where
]:) - T1 + T2 Eq 18

Furthermore if we assume that the applied waveform starts at zero time with the operating
current /,, the relay is more likely to trip when the same operating current is applied for an
integral number of waveform periods. Therefore, the relation between T, and T, is provided
by:

T, = INTG

% ]-Tm Eq 19

+
oper rist

where INTG stands for "the integral part of" and 7, can be computed from
T, =T -1, Eq 20

Bearing in mind that I, is a current below pickup value, #(I,) is a negative number and
consequently cannot be measured directly. It can however be computed by the following
procedure:

a) Apply to the relay’s input a current J; and measure the time delay #(7,).

b) Apply at the relay’s input the waveform of Figure 6 and measure T,. The value of #(1,)
can then be computed by rearranging Eq 17 to get:

T.
) = — %
@) T, Eq 21
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Introducing Eq 20 and 21 to eliminate 7; and T, one finally gets:

T,
INTG .T
I 7:)per+ TI’S! i
th) = Eq 22
T, - INTG i_] "
1 - oper rst
(@)

In this last equation 7, and T,, are fixed, 7, and #(1,) are measured and consequently t1,)
can be computed as a negative number. If for a particular relay, the current I, is made to

vary across the interval 0 to 1, then a plot of the relay reset characteristic can be obtained.

APPLICATION TO ELECTROMECHANICAL RELAYS

The setup of Figure 7 was first used to measure the reset characteristic of a CO-9 relay with
the following settings:

- pickup current of 5 A
- time-dial set to 5
- T,,, equal to 133.33 ms (or 8 60 Hz cycles)
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- T, equal to 133.33 ms (or 8 60 Hz cycles)
- I, of 10 A or twice the pickup current, #(,) = 7.13 s.

T

The resulting reset characteristic is shown in Figure 8.

Since the flux is a linear function of current in the reset region, the theoretical time-over-
current equation can be determined to be:

t=_12‘_2_, Eq 23
P-1

The same setup was also used to measure the reset characteristic of a CO-7 relay with the
following settings:

pickup current of 3.75 A

time-dial set to 5

- T,,., equal to 133.33 ms (or 8 60 Hz cycles)

T, equal to 133.33 ms (or 8 60 Hz cycles)

I, of 7.50 A or twice the pickup current, #(I)) = 3.83 s.

The theoretical time-current equation can be determined to be:
t = 618 Eq 24
P -1

APPLICATION TO STATIC RELAYS

The same setup was also used to measure the reset characteristic of the static relay B of the

previous experiment. This relay theoretically emulates the following equation:
p= 133 01 Eq 25
I-1

11
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Figure 8: Reset Characteristic of the CO9 Relay
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Figure 9: Reset Characteristic of the CO7 Relay
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The test settings were the following:

pickup current of 2.00 A
time-dial set equivalent K equal to 1
- T, equal to 1732.64 ms (or 104 60 Hz cycles)

T, equal to 433.16 ms (or 26 60 Hz cycles)
I, of 6.00 A or three times the pickup current, measured #(1,) = 6.56 s.

Analysis of this graph indicates a type of hysteresis has been implemented as a reset
characteristic. In this case, if the current goes above pickup and integration begins and then
the current falls below pickup, the result of the integration, which in most cases is a voltage
across a capacitor, will be kept until the current goes below 0.77 times the pickup current.
At this current level the reset time goes to zero.

This plot is very interesting because it shows that if static relays can be made to match the

dynamics of electromechanical relays in the operating region, they will not match the reset
characteristics for the entire region of reset.

1000
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Figure 10: Reset Characteristic of Static Relay

CONCLUSIONS
1. Variable current tests have been devised to assess the dynamic response of inverse time-
overcurrent relays and to determine their reset characteristics. The tests have been used
to verify the integral equation describing the dynamic operation of induction relays.
2. The constant current test method can determine the time-overcurrent characteristics of an

overcurrent relay but cannot assess its dynamic response or its reset characteristics.
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3.

Variable current tests performed on four types of overcurrent relays used on the Hydro
Québec distribution system show the following results:

Induction Relay: With an error -1.21 to -1.69%, the test pays tribute to
the venerable induction relay with an outstanding performance only slightly
effected by a time-varying fault.

Static Relay: A static replica model using the integral equation exhibited
no error when subjected to a time-varying fault.

Microprocessor relay 1: A commercial microprocessor relay with errors
ranging from 8.9% to -26.7% shows extremely poor dynamics. This
example shows that the use of Microprocessor technology is no guarantee
of good relay performance unless adequate steps are taken in its implemen-
tation.

Microprocessor relay 2: With an error always below 0.5% this relay could
only perform as it did since its algorithm is an induction relay emulation.
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