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ABSTRACT

This paper discusses the background and the possibilities for
developing an analytic standard for inverse time characteristics.
This work begins with an analysis of the principle of the
induction type relay to produce a unified eguation wvhich
accurately describes the widely used characteristics and that can
be used in the design of microprocessor based relays. The paper
reviews existing standards and also addresses dynamic response
and coordination with existing relays.

INTRODUCTION

It 1is now possible to program a microprocessor relay to have a
variety of firmware resident overcurrent characteristics. In the
prior art the precision was dependent on hardvare tolerances.
Now, subject to the extent that analog gain can be controlled,
any useful characteristic can be provided to a predetermined
precision independent of component tolerances. 1In addition the
design process can no longer be considered proprietary, since it
is the straight forward implementation of a set of data points or
a direct mathematical expression. What is missing is a useful
definition of the attributes of the time current characteristics
required in present coordination practice.

The need for change from a graphic to an analytic standard is
made evident by a recent IEEE report on the computer
representation of overcurrent relay characteristics [7]. After a
long tenure, the working group produced a document on curve
fitting with polynomials useful in the emulation of common
characteristics. As a result of this vork and the fact that a
unified representation could not be recommended 1led to the
formation of a working group to draft an analytic standaxd.

This investigation begins with a review of present relay
standards and an analysis of the physics of the induction type
relay to define the attributes of widely accepted time current
characteristics with the aim to identify a unifying equation.
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PRINCIPLES OF THE INDUCTION TYPE RELAY

The Problem is to obtain an equation or equations which express
the major characteristic, the time-current curve, in terms of
constants and variables which the engineer can visualize,
understand, and control. It is also desirable that the basic
equations, defining the major characteristic, be in such a form
as to indicate the 1interrelation of the major and secondary
characteristics such as reset.

The above paragraph is as appropriate here for our purposes as it
was when it was written nearly forty years ago. With this
introductory statement, Sonnemann and Glassburn , in reference
{1}, derive the characteristic of an induction type relay in
terms of time as a function of £lux. Using the flux as an
interposed medium between the actuating current and the end
result, time, provides an auxiliary characteristic which can be
readily visualized. The auxiliary characteristic is simply the
saturation curve showing the relation of the current to the flux.
In this approach, the authors identify the saturation curve as
the major design tool along with other variables and constants
in the final design eqguation.
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Figure 1. Typical Electromagnet Figure 2. Alr-gap flux Phésors
used for induction type relays of the electromagnet of Fig. 1

The derivation assumes negligible friction, maximum disk travel
so that acceleration can be ignored, and the average value of
each torque that acts on the disk. The configuration of ?he
electromagnet and the disk is shown in Figure (1). The danping
magnet and the 1low gradient torsion spring also acting on the
disk are not shown.

Fluxes @, ¢b, and ¢c in the left, the center and the right legs
of the magnet frame are the result of the actuating and induced




current in main and lag coils. Because the fluxes have the phase
and magnitude relation shown in Figure (2) they can be resolved
into their positive and negative sequence components. The torque
due to flux can then be expressed 1in terms of the positive
sequence torque acting to rotate the disk in the operate
direction and the negative sequence torque acting to cause
rotation in the opposing direction.

With these conditions, the sum of the torques acting on the disk
may be expressed as:

T1=T2+Td+Tg+Tde ) (1)

where T; is the positive sequence torque, T, 1is the negative
sequence torqgue, and Tq and Tg are the damping magnet torgque and
the spring torque respectively. Tge is the self damping of the AC
flux of the electromagnet.These torques are expressed as follows:

- 2
Ty = K¢12
Td = KdS
T, = G

Tde= P¢12(l+b2)s vhere b=¢2/¢1

In the above expressions S is speed and K, Kg, and P are

constants. Substituting these expressions in (1) and solving for
speed gives:

S = [K(#12-8,2)-G1/1P@12(1+b2)+Ky] (2)
Since b=$,/¢; and S = 1/t, where 1 is the total perunit disk
travel, the time of operation with a fixed disk travel is:
t = [Kq + P6;2(1+b%)1/1K@;2(1-b?)-C] (3)
Equation (3) can be written as a two part equation:
t = Kq/[K@12(1-b2)-G1 + PFy2(1+b2)/1K@;2(1-b2)-G] (4)
Values of the constants of equation (4) can be obtained from a

series of special tests on the electromagnet which are outline in
Appendix A.



THE TIME-CURRENT RELATION AND EXISTING STANDARDS

In the design of an induction type relay equation (4) is solved
for ¢l in terms of time and the element constants which have been

evaluated as shown in Appendix A. Time values taken from the
desired time-current characteristic are used to determine the
corresponding values of flux. These values are in turn
correlated to the current values which are to produce the desired
trip times. The resulting f£lux versus current relation is the
required saturation curve for the electromagnet. For example,
Figure (3) shows the saturation curve A of the measured element
and the saturation curve B required for a second desired
characteristic determined from the flux equation.

CURVE B

CURVE A

\J

I

Figure 3. Electromagnet saturation curves

The principle of the induction type element has been covered
thoroughly enough here to identify both primary and secondary
attributes which produce its widely accepted time-current
characteristic. The saturation curve and the damping coefficient
Kgq are the major design elements with nuances contributed by self

damping and the effect of the negative sequence flux component.

The types of characteristics produced are classified in ANSI
standard ¢€37.90 by the diagram shown in Figure (4). Presumably,
characteristics must lie wholly within one of the bands to be
classified. No supporting text 1is given and the size of the
figure is reproduced exactly as it appears in the standard.
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Figure 4. C37.90 specified characteristic
The time current relation can now be considered in a more simple
form in the 1light of equation (4) as follows. A relation
considering only the effect of positive sequence component, the
damping, and the spring torques is derived as follows:
Ty = KIP = K48 + G (5)

vhere K, Kg and G are constants and the effect of saturation on
the average torgue due to the current is emulated by setting the

egponent p to a number 2 or less. Solving (5) for the speed S
gives:

S = e/t = (KIP - G)/K4 (6)
where 6 is the angle of disk travel. From this equation:

t = Kq0/(KIP - G) (1)
If I is expressed in M multiples of a pickup current Ig then:

t = Kgo/[K(MIHP - G) (8)

For M =1, I =1
becomes simply:

p—- = p=1.
g and (KIg G) 0 so that KIg G. Then (8)

t = Ty/(MP - 1) (9)
where T; = K48/G. Eguation (9) 1is the form adopted for time
dependent overcurrent relays in the IEC Standard 255-4 [3] to
classify inverse time characteristics as either A, B, or C

according to the exponent p. Class A indicates any exponent less



than 0.5, class B indicates any exponent from .5 to 1.5, and
class C any exponent of 1.5 or greater. In addition the
preferred exponent for each class is specified as follows:

Class A p = .02
Class B p =1.0
Class C p = 2.0
Surprisingly enough, equation (9) with p = .02 is a close

emulation of a standard moderately inverse characteristic like
that of the C0-7. However, the 1log-log plot of equation (9)
approaches a straight line characteristic of slope p which in no
way emulate the inverse, very inverse, or extremely inverse
induction type relay characteristics. It is of significance to
note that coordination with the IEC specified dependent time
curves are of little concern in Europe since only definite time
(independent time) relays and distance relays are wused for
distribution protection and that the specification is evidently
intended for the export market.

Equation (9) lacks the definite time term indicated by the
constant P in induction disk equation (4) and also by the
observation that once deep saturation occurs the flux due to
current approaches a constant. On the strength of this
observation a constant term Ty should be added to equation (9):

t = T/(MP - 1) + T (10)

EMULATING STANDARD TIME-CURRENT CHARACTERISTIC

Although simplified, equation (10) was derived using the
operating principle of the induction type relay. Consequently the
Constant T;, the exponent p, and the definite time term Ty can be

chosen to <closely emulate any of the variety of induction type
relay characteristics in use. How well the use of the exponent p
and the definite time term T, emulate the combined effects of the

saturation and the self damping can be judged from the data in
Tables I and 1II below. The tables show the eguations with the
constants for four types of induction disk characteristics.

Table I also lists the data from two major manufacturers. In
general the equation fits the listed curve with a tolerance of
less than five percent and for most points within a two percent
tolerance. As a criteria of fit it is interesting to study how
closely the same type of induction relays from the majox
manufactures compare since they are generally accepted as equal.
While the extremely inverse characteristic of different
manufacture appear identical in shape, a ten percent difference
at five perunit can be observed when comparing the very Iinverse




induction disk characteristics listed in Table 1I. Here, the
constants of the equation have been chosen to fit both within a
five percent tolerance.

TABLE I - Extremely and Very Inverse Curve Data

t = 28.08/(M?-1) +.13 t = 19.2/(M2-1) + .5
M CO-11#5 TIAC77#5+ Egquation M CO-9%5 IAC53#5 Equation
1.5 24.0 22.4 22.94 1.5 15.48
2.0 9.5 9.49 2.1 6.5 5.99
2.5 5.4 5.48 2.5 4.2 4.05
3.0 3.5 3.69 3.64 3.0 2.89 2.84
4.0 2.0 2.00 4.0 1.71 1.75
5.0 1.3 1.3 1.30 5.0 1.22 1.31 1.28
6.0 .92 .93 6.0 .99 1.03
7.0 .71 .72 7.0 .90 .89
8.0 .58 .58 8.0 .81 .80
9.0 .49 .48 9.0 .76 .73
10 .42 .41 .41 10 .72 .73 .69
16 .24 .24 16 .58 .57
20 .21 <177 .20 20 .53 .54 .54
TABLE II - Inverse and Moderately Inverse Curve Data
t = 26.038/(M1-95-1) + .83 t = .092/(M-02-1) 4+ 2

M CO-8#5 - Equation M CO-74#9 - Equation
1.5 22.44 1.5 12.0 11.50
2.5 6.4 6.06 2.0 6.75 6.79
2.75 5.1 5.03 2.5 5.2 5.17
3.0 4.3 4,29 3.0 4.3 4,34
4.0 2.7 2.69 4.0 3.4 3.47
5.0 2.05 2.00 5.0 3.0 3.01
6.0 1.69 1.64 6.0 2.72 2.72
7.0 1.48 1.43 7.0 2.52 2.52
8.0 1.35 1.29 8.0 2.39 2.37
9.0 1.23 1.19 9.0 2.28 2.24
10 1.18 1.13 10 2.18 2.15%
16 .95 .947 16 1.82 1.81
20 .90 : .905 20 1.70 1.69

DIGITAL IMPLEMENTATION

It is important to understand the digital technique wused in a
micrprocessor based relays because of the variety of possible
implementations. An excellent example is the implementation of



the classical overcurrent function. The equation for the inverse
time-overcurrent characteristic is taken to be:

t=Ty/(MP-1)+T, (10)

where M is the 1input expressed in multiples of the pickup
current. The exponent of the current p and the constants Ty and

Tg determine the shape of the characteristic. For example, the

equations for the extremely inverse and very inverse curves use
p=2 and differ only in the value of Tp- An linverse curve |is

produced using p=.02 and the value for Tg=0.2.
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Figure 5. Function of current to produce extremely inverse
characteristic of equation (10) with p=2, T1=2.855,
and T0=.0112.

The inverse time-overcurrent characteristic 1is obtained by
integrating the proper function of current with respect to time
and a trip signal occurs when the integral exceeds a

predetermined trip value. Varying the trip value provides the
time dial control.

The function of current needed is:

F(I)=Ty/t (11)




where T, has been taken as the trip value and t 1is given by

equation (10). The function F(I) for an extremely inverse curve
is shown in Figure (5).

A piece-wise linear construction can be made wusing the linear
function (AI+B) as a least mean squares fit of specified
tolerance over a short range of the desired function. A and B
are the constants which determined the fit in each segment and
the number of segments is determined by the tolerance.

Table 1 lists the constants for the F(I) in Figure (5) with the
maximum percent error in each segment and the perunit current at
which it occurs. The example shows that a £fit of the desired
function within a tolerance of 0.6% is achieved with less than 20
segments. The algorithm tests the magnitude of the input measured
each sample period, selects the proper value for A and B from
stored table of values and calculates F(I)=AI+B. The integration
is simply the accumulation of these values and the trip command
is issued when the accumulation exceeds the trip value T1.

It has not been the practise in the past to construct overcurrent
relays according to an unifying equation. This discussion shows
that, to the extent the analog gain can be controlled, an
analytic time-current characteristic can now be implemented to a
predetermined precision. By integrating F(I) the characteristic
is compatible for dynamic coordination with existing induction
type relays and its accuracy is guaranteed by precision constants
stored in memory. The characteristic produced by the F(I) of
Table III are shown in Figqure (6).

TABLE III. Values For Extremely Inverse Characteristics

N Range A B I(max) % Error
1 1.2 - 1.3 2.489 -2.549 1.249 0.299
2 1.3 - 1.4 2.684 -2.801 1.349 0.202
3 1.4 - 1.6 2.972 -3.207 1.497 0.512
4 1.6 - 1.8 3.351 -3.814 1.697 0.335
5 1.8 - 2.0 3.724 -4.486 1.897 0.244
6 2.0 - 2.2 4,090 -5.218 2.098 0.171
7 2.2 - 2.6 4.627 -6.408 2.393 0.501
8 2.6 - 3.0 5.312 -8.189 2.793 0.334
9 3.0 - 3.4 5.960 -10.134 3.194 0.239
10 3.4 - 4.2 6.855 -13.208 3.778 0.592
11 4.2 - 5.0 7.897 -17.579 4.583 0.340
12 5.0 -~ 5.8 8.753 -21.856 5.358 0.206
13 5.8 - 7.4 9.669 -27.211 6.551 0.361
14 7.4 - 10.6 10.347 -32.195 8.242 0.135
15 10.6 - 13.8 9.735 -25.525 12.095 0.344
16 13.8 - 17.0 8.28%9 -5.492 15.317 0.350
17 17.0 - 20.2 6.720 21.184 18.531 0.276
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CONCLUSIONS

1. The background and possibilities for developing an analytic
standard have been reviewed. The 1investigation shows that
time-current characteristics are inadequately defined in existing
standard. While one standard is little more than a
classification of types of curves, another recommends
charcteristics incompatible with accepted practise.

2. A thorough review of the principles of induction type relays
leads to a simplified equation which can accurately describe all
of the induction type relay characteristics in general use and at
the same time can serve as a design equation for advanced
microprocessor base relays. It has been shown that proper
implementation also conserves the dynamic properties of the
relays in general use.

3. Analytic work of the type described can benifit both the
application engineer and the designer in forming the basis for
an improved and useful ANSI standard.

APPENDIX A - Determining Constants of the Disk Equation

The constants of the induction disk equation:

t = Kgq/IK@,2(1-b%)-G1 + P@y2(1+b?)/[KG;%(1-b?)-G]  (Al)

can be evaluated by a series of special teiis of the relay
element devised by Sonnemann and Glassburn {1]. For example, the
average spring torgque (G) can be measured in gram-centimeters and
the f£lux ¢1 can be expressed in multiples of the particular flux

that produces one gram-centimeter of torque. The constant K is
then one. To evaluate P the Kg and G are set to zero by

demounting the damping magnet and spring and special windings are
placed on the poles pieces of the magnet as shown in Figure (Al).
Currents I, and I, having a 90° phase relation and the proper

magnitude 1is then applied to produce only positive sequence flux
as shown on Figure (AZ2).

Under this condition equation (Al) reduces to:

t, = Pg,/8; =P (A2)

Consequently, P 1is the minimum time it takes for full travel of
the £free zrunning disk when driven by positive sequence torgque

- 10 -



only.
Then the free running element is tested for a range of currents
with the normal main and lag windings to evaluate b, the ratio of

negative to positive sequence flux. Under these conditions
eguation (Al) becomes:

tg = PPy2(1+b2) /9,2 (1-b?) (A3)

the ratio b is then given by:
b = [(tg-P)/(tg+P)1-> (A4)

Values of b and tg can then be tabulated and these values in turn
can then be correlated with the current.

205" 4p
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Figure Al. Electromagnet with Figure A2. Phasor diagram of
positive sequence flux coils currents producing positive

sequence flux.

K3, the damping coefficient, is evaluated by applying current to

the fully assembled element to obtain £full travel and then
cutting the current to zero. The time for full reset is then:

ty

Kd/G
and Kqg = t G (B5)

Equation (Al) can now be solved for the flux $; in terms of the
constants determined above: '

1 =0(tg+P) (Kg+tG) /2P (t-tg) 1> (A6)
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This 1is the design eguation where by the saturation curve for a
desired characteristic is correlated to values of current through
the use of corresponding values of time taken from the desired
time curve.
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