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Summary

Residual current-operated circuit-breakers (RCCBs) have proved useful devices for the
protection of both human beings against ventricular fibrillation and installations against
fire. Although they work well with currents of a sinusoidal waveform, there is little
published information on their characteristics. Due to non-linear devices, not the least of
which is the use of power electronic equipment, the mains supply is distorted.
Consequently, RCCBs as well as other protection relays are subjected to non-sinusoidal
currents. Recent studies have shown that RCCBs are affected by harmonics, however the
reasons for this are not clear. A literature search has also shown that there are
inconsistencies in the analysis of the effect of harmonics on protection relays.

In this work, the way RCCBs operate is examined, then a model is built with the aim of
assessing the effect of non-sinusoidal current on RCCBs. Tests are then carried out on a
number of RCCBs and these, when compared with the results from the model showed
good correlation. In addition, the model also enables us to explain the RCCBs
characteristics for pure sinusoidal current.

In the model developed, various parameters are evaluated but special attention is paid to
the instantaneous value of the current and the tripping mechanism movement. A similar
assessment method is then used to assess the effect of harmonics on two types of
protection relay, the electromechanical instantaneous relay and time overcurrent relay
(referred to in BS 142 as an all-or-nothing relay and a single input energising quantity
measuring relay with dependent specified-time respectively). A model is built for each of
them which is then simulated on the computer. Test results compare well with the
simulation results, and thus the model developed can explain the relays behaviour due to
harmonics in the system.

The author's models, analysis and tests show that RCCBs and the two protection relays
are affected by harmonics in a way determined by the current waveform and the relay
constants. The method developed provides a useful tool and the basic methodology to
analyse the behaviour of RCCBs and protection relays due to harmonics in the system.
These results have many implications, especially the way RCCBs and relays should be
tested if harmonics are taken into account.
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CHAPTER 1. INTRODUCTION

1.1, Obiective of the work

A literature search has shown that the operating point of residual current-operated
circuit-breaker (RCCB) as well as the electromechanical instantaneous overcurrent (EM
IOC) relay and the electromechanical time overcurrent (EM TOC) relay are affected by
harmonics. Unfortunately, several studies had conflicting ideas about how the RCCB and
the relays are affected and how to analyse it. With the increasing use of power electronic
equipment that increases the harmonic content in the mains, its effect needs deeper study.
The main objective of this study is thus to find out how the effect of harmonics on those
RCCB and relays should be analysed and thus to explain the effects. Three protection
devices, namely the RCCB, the EM IOC relay and the EM TOC relay were studied. Since
many electromechanical relays work with the same principle, the study on these two
types of relay also gives an insight into how other relays should be analysed if the system
contains harmonics. The characteristics of RCCBs for sinusoidal residual current is also
evaluated. This is considered to be important since the RCCB which is designed to
protect people against electrocution is widely used, yet their characteristics even for

sinusoidal residual current appears not to have been fully studied.

1.2. Background of the work

1.2.1. Residual current-operated circuit-breaker (RCCB)

Since their introduction about 30 years ago, high speed, sensitive RCCBs have proved
useful in protecting people against ventricular fibrillation and installations against fire risk
(1,4,14,25,26). In the UK, BS 4293 (6) covers RCCBs and their use is recommended in
the IEE Wiring Regulation (7). Normally a RCCB is placed before the load. If an earth

leakage fault exists, the RCCB may clear the fault, normally in less than 40 ms, even if
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the fault current is as low as 30 mA.

Despite the wide use of RCCBs, Morley et al (15) pointed out that there is insufficient
explanation about their characteristics and operation. Morley et al (15) and Emmanuel and
Dougherty (24) derived the voltage output characteristic of the sensor, i.e. the core
balance transformer (CBT) but the secondary current of the CBT is not taken into
account. Recently, as reported by Roesch (27) and Electricity Council (28,29), it was
observed that periodic non-sinusoidal residual current waveforms, usually caused by the
use of power electronic equipment, affected the sensitivity of RCCBs. Some of these
breakers became more sensitive while others less. Unfortunately, there is little published

information about how harmonics affect the RCCBs (28,29).

1.2.2. Electromechanical instantaneous overcurrent (EM 10C) relay

The EM IOC relay is normally used for overcurrent protection of feeder circuits (37,38).
Firstly, the current is sensed by a current transformer (CT). The secondary current is then
fed to the relay and if it exceeds the pick up current, the relay trips. This relay is an "all or
nothing' type relay as covered by BS 142 (67). An EM IOC relay may be of a hinged or

armature attracted type, and both are covered in this study.

The analytical model of Horton and Goldberg (37) showed that EM IOC relays are not
affected by harmonics although their direct measurement showed up to 8% discrepancies,
some positive and some negative. It was also questionable whether the hinged and
attracted armature type can be treated in the same way. Two studies carried out by IEEE
groups (39,48) stated that the above relays are largely independent of frequency effects,
however with a very distorted waveform, that may be caused by CT saturation, it was
suggested that an instantaneous relay trips provided the given area per cycle of the
waveform (i.e., ampere-seconds per cycle) is the same with its rated tripping current.

Jost et al (40), cited by an IEEE study committee (36), stated that in a majority of cases,
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harmonics will cause relays to exhibit a tendency to operate slower and/or with higher
pick up values. Unfortunately, all the above work, with the exception of Horton and
Goldberg's model (37), is not thoroughly supported by theoretical analysis. In addition,
Horton and Goldberg only considered the r.m.s. value of the current regardless of its

waveform.

1.2.3. Electromechanical time overcurrent (EM TOC) relay

Normally the EM TOC relay is used for selective overcurrent protection (3). Firstly, the
current is sensed by a current transformer (CT). The output of the CT is then fed to the
relay. If the current exceeds the pick up value, the relay starts to trip. The tripping time
varies according to the current, thus this relay is a type of 'single input energising
quantity measuring relays with dependent specified time' as covered by BS 142 (67). In
this work, an EM TOC relay using an induction disc as the rotor is studied. Depending
on the relay constants, this relay may have different characteristics such as ‘inverse time',
'very inverse time', etc. In the laboratory work, a standard inverse definite minimum time
(IDMT) overcurrent relay was used, although the theory developed can be applied to

other types of induction disc overcurrent relay.

An IEEE committee study (39) about the EM TOC relay stated that an EM TOC relay
using an induction disc as the rotor, tends to operate faster if the current contains higher
harmonics, although the relay design may cause it to operate slower. Jost et al (40)
concluded that in general, relays exhibit a tendency to operate slower/ or with higher pick
up values if the current contains harmonics. Reference (48), which is another IEEE
committee study, stated that harmonics may either cause this relay to be more sensitive or
less sensitive. The analytical models of Horton and Goldberg (37) and also Saramaga et
al (51) showed that harmonics cause an induction disc type EM TOC relay to require a
higher pick up current. The test results of Faucet and Keener (50), Saramaga et al (51)

and also Chu et al (52) showed that current waveform affects the tripping time of this
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relay. Saramage et al's tests showed that harmonics will cause the relay to operate
slower. Chu et al and Faucet and Keener' s tests showed that harmonics may cause the
relay to operate faster or slower. Unfortunately, with the exception of (37) and (51), the
above studies are not supported with a thorough theoretical analysis. In addition, (37)
and (51)'s analysis are limited to the pick up current values of the relay only and do not
include the operating time, which is of paramount importance in selective overcurrent

protection.

It should also be pointed out that despite the growing use of electronic relays, Heising
and Patterson (77) stated that electromechanical relays will continue to have a place in
many future applications and will be available for years to come due to their proven

reliability.

1.3, The approach taken in the study

Since there is disagreement on how the effect of harmonics should be analysed, in this
study, the basic construction of the RCCB, the EMIOC relay and the EM TOC relay are
firstly examined. A model is then developed for each of them and then simulated on
Aston university's VAX CLUSTER. In order to assess how harmonics affect the RCCB
and the relays, a waveform with controlled harmonic content was used in the simulation.
This will help in understanding how the RCCB and the relays are affected by harmonics
and thus give an insight into how they should be analysed if the current contains any
harmonics. The analysis is focussed on the effect of periodic non-sinusoidal current
waveforms, which is caused by harmonics, but this will also provide a basic

methodology on how the effect of non-periodic waveforms should be analysed.

In contrast with other previous work which merely examined the harmonic content of the
current, in the model developed the tripping mechanism's movement was evaluated. Thus

the instantaneous value of the current was taken into consideration rather than just its
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r.m.s. value, and the interaction between the current and the tripping mechanism was
evaluated. It was found that the RC’CBS and the protection relays are affected by
harmonics and that the effect is determined by the shape of the current waveform and the
mechanical constants of the relay and not merely by the r.m.s. harmonic content of the

current.

To verify the theoretical study, experimental work was also carried out. A waveform
generator with controlled harmonic content was developed to test the RCCBs and the
relays. A good correlation between the theoretical study and the experimental results was

obtained. Some of this work has been published elsewhere (31,32,33,53,54,55,95,97).

1.4. Lay out of the work

Chapters 2 and 3 describe the RCCB characteristics and test results for sinusoidal
residual current. Special emphasis is given in these two chapters since the RCCB
characteristics for sinusoidal waveform have not been fully explored previously. Chapter
4 presents a theoretical study about the effect of harmonics on the tripping current of
RCCBs. A brief review about how harmonics can be produced and fed back to the line is
also given in this chapter. Chapter 5 presents the experimental results on the effects of
harmonics on the tripping current of RCCBs. In chapter 6, a theoretical study on the
effects of harmonics on EM IOC relays is described, followed by the simulation and.
experimental results which are given in chapter 7. The description of the theoretical study
of the EM TOC relay characteristics is given in chapter 8 while the experimental and
simulation results are presented in chapter 9. Chapter 10 provides the conclusion to this

work which includes the implication of this study in other areas.
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CHAPTER 2. THE BASIC CONSTRUCTION AND OPERATION OF RCCBS

2.1, Introduction

In this chapter, the basic construction of RCCBs will be described, followed by the
presentation of the standard requirements of their characteristics. The way RCCBs can
protect human beings against electrocution is also presented since it helps in explaining
the RCCB operation. Based on their construction, the theory of tripping time for
sinusoidal current is then derived both for no load and loaded conditions. The theoretical
description of RCCB characteristics for sinusoidal current is derived here since there is

little published information about it.

2.2, The cons ion of RCCB

Although there are many varieties of RCCB, all those examined work on the same
principle. The fault current is sensed by a core balance transformer (CBT) using a coil
wound around the CBT as shown in Fig.2.1. Under normal conditions, there is no
output from the coil because the line current is balanced by the neutral current. However,
if a fault current flows to earth, the CBT senses the difference between the line and
neutral current. This difference, called the residual current I, which has a similar
magnitude to the fault current causes the CBT to send a signal to the tripping mechanism
which then opens the switch and trips the circuit breaker. It should be noted that a short
circuit fault between the line and neutral that may cause a large current to flow will not

trip the RCCB since the CBT will sense no difference between the line and neutral

current.
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Figure 2.1. The basic construction of RCCBs

Based on the type of tripping mechanism, RCCBs are divided into two classes :

1. Electromechanical. The output of the CBT is fed directly into an electromechanical
relay. The relay may be of the more common polarised type and sense only half of the
cycle (half wave reaction type), or of the saturation type which senses both halves
(full wave reaction type).

2. Electronic. The output of the CBT is amplified and sometimes rectified. The output of
the electronic circuit activates a relay. Depending on the electronic circuit, electronic
type RCCBs may be of half or full wave reaction type.

The RCCB circuit has been described in many papers (15-22), but a brief review 1is

given below :

Fig.2.2 shows the polarised type of electromechanical relay. During normal operation,

the relay is kept closed since the plunger is attracted by a permanent magnet. When a

residual current I flows, the CBT produces Ig which in turn produces @, the flux in the
relay. As the fault current is increased @; reaches a point where it can counteract the

effect of &, the flux produced by the permanent magnet, such that the permanent magnet
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can no longer hold the armature which will be attracted by the spring. At that point the

plunger and hence the circuit breaker opens. This type of relay only reacts to one half of

the waveform.

Flux produced
by the magnet Trip spring
Flux produced
by I;(3,) Armature
AN o
I T ettt O S 5!
- -
{
B\ 'y
/ [
M N\ T
. It Ly
Coil; | B
connected * —————— R *
to the | !
secondary ! ol !
of the CBT / N |
AU N W— _
Magnetic shunt Eg:g?g:em

(a) The relay in closed position

Figure 2.2.

Fig.2.3 shows the saturation type of electromechanical relay. As in the other type, during
normal operating conditions the relay is kept closed by the permanent magnet. If a fault
occurs, Ig drives flux @, around the windows of the core and if @ reaches @, it
saturates the region around the windows. The permanent magnet flux is diverted across

the central gap and away from the plunger at the top which is thus released and the circuit

breaker activated. Since the core can be driven to saturation by both the positive and

Polarised type relay

When the peak value of
Qr is equal to @1 ,
the relay is tripped.

(b) The reaction of the fluxes

negative halves of @, this type of relay reacts to both halves of the waveform.
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2, When the peak value of

@, isequal to @ or-@,

\/_—;» the relay is tripped.

(c) The reaction of the fluxes

Figure 2.3. Saturated type relay

In an electronic RCCB, the output of the CBT is fed to an electronic circuit. The output
of the circuit is used to energise a relay. Two block diagrams are shown in Fig.2.4. In

Fig. 2.4.a the secondary current of the CBT is directed through a resistor. The voltage is
amplified to trigger a thyristor. When the peak of Vg is high enough the thyristor turns

on, the relay is energised and the circuit breaker opens. This device responds to only one

half of the waveform. In Fig.2.4.b the output of the amplifier is rectified and smoothed.
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The d.c. voltage, equal to the peak value of the amplifier output Vg? is compared with a

d.c. reference V] to determine whether the relay will be triggered to open the circuit

breaker. This device responds tc both halves of the waveform. A survey of other
electronic RCCBs showed that although there are many circuit variations, they work in a

similar method.

The above description shows that the residual current I5 does not trip the relay directly. A
tripping parameter XA can be defined as that which carries out the tripping operation and
represents the residual current Io. In the case of mechanical type RCCBs, the tripping
parameter is the flux in the relay (@;), while for the electronic type it is the amplified

voltage drop across the resistor (Vg). Assuming that the tripping parameter is linearly
related to the residual current, then the RCCB will operate if the residual current exceeds
a particular value, IA;, and based on these explanations, the RCCB characteristics can be

derived.

To trip the RCCB, a short but finite 'triggering time' is needed, during which time the
tripping parameter should be kept above the threshold value. In the theory its duration is
neglected and the relay is assumed to be sensitive only to the peak value of the current.

This assumption 1s supported, as will be seen later, by test results.
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(b) A circuit incorporating an amplifier, a rectifier, and a d.c. comparator.

Figure 2.4. Two typical electronics type RCCBs
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RCCBs with a sensitivity as low as 5 mA are commonly available in the market although
RCCBs with 30 mA sensitivity are normally recommended for protection against
electrocution. This low sensitivity is very useful since it can be used to protect
installations against leakage current which may cause fire. Although there are no detailed
studies about this fire risk, it is widely believed that a current as low as 100 mA may
cause fire (26). This low current may not operate protective equipment such as miniature
circuit breakers (mcb) or fuses. On the other hand, due to their sensitivity, RCCBs may
sense and clear this fault, but more important is the ability of the RCCBs to protect people
against electrocution as a current as low as 30 mA may cause danger to people. While

mcbs or fuses may not operate, RCCBs may sense this small current and clear the fault.

2.3, The use of RCCBs to prevent ventricular fibrillation

2.3.1. Electric current in the body

As Ferris et al (8) pointed out, it is the magnitude of current flowing in a person which
may be dangerous rather than the magnitude of the applied voltage. If an a.c current of
power frequency is passed through the body and increased gradually, the person will
eventually feel a tingling sensation. A value of 0.5 mA is taken by the IEC (3) as the
threshold of perception. Lower currents have no known long term adverse effects. As the
current is increased, the person will feel increasing discomfort accompanied by muscle
tightening and at a certain value of current, the subject will be unable to 'let go' the
conductor being grasped. The 'let-go current’ is defined as the maximum value of current
at which a person holding electrodes can release the electrodes (3). IEC Report 479 takes
10 mA as the mean let-go threshold current for adults. As the current is further increased,
the person may loose voluntary control over respiratory muscles and breathing may
cease. This condition, referred as respiratory paralysis', usually ceases if the current is

interrupted and no permanent after effects are known (8,11).
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At higher levels of current, the normal pumping action of the heart stops and is replaced
by a cardiac muscle activity which is fast, irregular and of small amplitude. This
condition, called ventricular fibrillation, is accepted as the most common cause of death
from low voltage electric shock. The ventricular fibrillation threshold of a human being is
obtained from experiments carried out on various species of animal (9,10,11,12,13). The
value of current which causes ventricular fibrillation depends on the duration of the

current flow.

2.3.2. IEC Specification

The results of the above research are incorporated in the IEC Report 479. Time/current
zones of effects for a.c currents (15 Hz to 100 Hz) on a person is described in Fig.2.5.
In areas 1 and 2, electric current usually will cause no harmful effects. A current in area 3
may cause 'unwanted effects' such as difficulty in breathing, muscular contraction, etc,
although usually no organic damage is expected. Area 4 is a 'dangerous area’, since
ventricular fibrillation may occur. The possibility increases with current duration and

magnitude.

The electrical resistance of the human body limits the current flow. The body resistance
(from hand to foot) varies from 500 Ohm to about 7500 Ohm, depending on the voltage,
body condition (e.g. wet, dry, etc) and other factors as reviewed by Hammam and
Baishiki (12). IEC Report 479 (3) suggests that a body resistance as low as 1000 Ohm
can be expected for an applied voltage of 220 V. Thus for the ordinary household voltage
of 240 V, as Haseler (23) suggests, a residual current of 240 mA may be expected to

flow but higher currents are not likely.
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01 02 05 1 2 5 10 20 50 100 200 500 1000 2000 5000 10 0600

Body current 1, ———% mA

Zones  Physiological effects

1 Usually no reaction effects.

2 Usually no harmful physiological effects.

3 Usually no organic damage to be expected. Likelihood of muscular
contractions and difficulty in breathing, reversible disturbances of
formation and conduction of impulses in the heart, including atrial
fibrillation and transients cardiac arrest without ventricular fibrillation
increasing with current magnitude and time.

4 In addition to the effects of zone 3, probability of ventricular fibrillation
increases up to about 5% (curve cl), up to about 50% (curve c2), and
above 50% beyond curve c3. Increasing with magnitude and time,
pathophysiological effects such as cardiac arrest, breathing arrest and
heavy burns may occur.

Notes: 1. As regards ventricular fibrillation, this figure relates to the effects of current
which flows in the path 'left hand to feet'.
2. The point 500 mA/100 ms corresponds to a fibrillation probability in the order
of 0.14%.

Figure 2.5. IEC's time/current zones of effects of a.c. currents (15 Hz to 100 Hz)
(taken from IEC report 479-1)
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2.3.3. Existing specifications for RCCBs

In the UK, BS 4293:1983 covers RCCBs (6). The 15th Edition of the IEE Wiring
Regulations (7), which will be referred to by its common appellation of the '15th

Edition’, requires the use of RCCBs in a number of circumstances. It calls for the use of
RCCBs whose tripping current IoAn does not exceed 30 mA for protection against

indirect contact in many applications, while BS 4293 requires 200 ms as the maximum
tripping time for an RCCB 'if no intentional time delay is provided'. Such a time delay is

sometimes incorporated in the back-up protection.

For overcurrent, BS 4293 and the 15t Edition require that an ordinary RCCB should trip
within 40 ms if passing 5 times [yAp (6.2, 5 x 30 mA = 150 mA). An earlier version of

the 15t Edition (5) stated that RCCBs may be used to reduce the risk associated with
direct contact in the case of failure of other protective measures if this '40 ms criterion’ is
also achieved with a residual current of 250 mA. This 250 mA requirement' does not
appear in the current 15th Edition (7). However, since a residual current of 250 mA is a
distinct possibility in practise, the requirement is still taken into account in this work and

is implied by BS 4293.

[t should be mentioned that during the preparation of this thesis, a new standard for
portable residual current devices, BS 7071:1989 (96), was published. The requirement of
tripping time and tripping current in this recent standard are similar to BS 4293, However
there are some differences concerning the construction, test, etc. This new standard is not

taken into account in this work.

2.3.4. Performance of RCCBs to prevent danger

Over the years, RCCBs having Ioap of 30 mA have been ordinarily and widely used
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for protecting people against ventricular fibrillation. A study by Laurer (34), also reported
by Nowak (14), of 576 fatal accidents due to electricity claimed that 539 of them could
have been prevented by the use of a 30 mA RCCB. If an ordinary RCCB is subject to a
residual current of 150 mA (BS 4293 and current 15th Edition requirements) or
presumably more (c.f.,the early 15t Edition requirement) it should trip within 40 ms. At
30 mA the maximum tripping time is 200 ms. If these points are superimposed on IEC's
time-current zone of effects for ac current on a person, and if they are connected by
straight lines, as can be seen in Fig.2.6 the RCCB will give protection against most of the
‘unwanted area', zone 3, and against most of zone 4, the 'dangerous area’ where
fibrillation might be induced. A band covering typical RCCB characteristics is also given

in Fig.2.6 showing conformance with the standards.

The region B in Fig.2.6 where the RCCB apparently allows zone 4, the dangerous
currents to flow, is unlikely to cause trouble in practice because the resistance of the
human body limits the current as previously noted. The RCCB also permits zone 3, the
unwanted area in region A of Fig.2.6. A low residual current of, say 20 mA, which may
not cause a RCCB to trip may cause unwanted effects if it lasts for a long period, say
more than about 1 s. However, as Nowak (14) pointed out, a RCCB should prevent
body currents which are dangerous to people, whilst avoiding spurious tripping due to
excessive leakage current. This aim seems to be just achievable. Biegelmeier (1)
expressed the view that 30 mA is adequate for the tripping sensitivity; if 10 mA or even 5
mA are chosen, as in the USA, there is a risk of unnecessary spurious tripping due to

leakage current.
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operating points required.

Figure 2.6. RCCBs characteristic and IEC's time/current zones of effect of a.c.
currents (15 Hz to 100 Hz) super imposed

2.4, Theory of tripping Time

2.4.1. Noload condition

A RCCB starts to operate when the instantaneous value of the residual current IA sensed
by the CBT exceeds a particular triggering threshold value I5; at time tg. This threshold
value IA¢ 1s thus equal to the peak value of the actual tripping current Iy of the RCCB.
Fig.2.7 represents a residual current 15 passing through a half wave reaction type RCCB.

The fault is introduced at t, and I is equal to Iaq at time tg. A frequency of 50 Hz is
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taken. Three cases must be considered :

1. The fault occurs at t, on rising wave before the instantaneous value of 1A reaches Iz
at tg. As shown in Fig.2.7.a, ty < t¢ and the RCCB starts to carry out the tripping

operaton at tg = tg. There will thus be a waiting time of Atw from t, to tg; that should
be added to the RCCB operation time Atop to obtain the total tripping time At. The

RCCB operation ume is the time between the sensing of excessive current at tgg, and

the opening of the circuit breaker at tg. This time, Atop, is taken as fixed. This

assumption is supported, as will be seen later, by experimental results where it was

found that normally Atop has a constant value of around 5 ms. If the zero of time is
taken to be when the current passes the zero before the fault is introduced, the

following equations hold :

Operation commence : tgp =g 2.1)
Waiting time : Atw =tg - tg (2.2)
RCCB operation ume : Atop = tf - tg (2.3)
Total ipping time : At = Atw + Atop (2.4)
The actual tripping current : IoA = IA sin (o tg) (2.5)

2. The fault occurs when the instantaneous value of residual current IA is higher than
IAr. As shown in Fig.2.7.b, in this case, tg <ty < (T/2-tg) and
tst = lo (2.6)

Since in this situation, Atw = 0, the RCCB starts to carry out the tripping operation as

soon as the fault is introduced.

3. The fault occurs on a falling wave when the instantaneous value of IA is less than Iy.

For this condition, (T/2-tg) < to < (T+tg) as shown in Fig.2.7.c.
tgg = T+1g 2.7)
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Thus the total tripping time for a half wave reaction type RCCB varies with fault time to
as shown in Fig.2.8.a. where I is taken as a parameter. The time - current characteristic

can then be derived from this graph and is shown in Fig.2.8.b. where t is taken as a

parameter.

From Fig.2.8.a, the theoretical longest and shortest tripping times can also be derived as :

At maximum = Atw maximum + Atop
=(T/2 + 2 t5) + Atop (2.8.a)

At minimum = Atop (2.8.b)

tg varies depending on the residual current IA and the actual tripping current I of the
RCCB which according to the BS 4293:1983 requirement for a 30 mA (nominal) RCCB
may lie between 15 mA and 30 mA. The ranges of tg and Atw are given in table 2.1, the

total tripping time 1s obtained by adding Atop to Atw.
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Figure 2.7. Time intervals for a half wave reaction type RCCB.
For reference, t = 0 is taken at the current zero before the fault is

inroduced.
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Figure 2.8. The no load characteristics of a half wave reaction type RCCB.
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For a particular value of tg, the waiting time Atw is maximum when the instantaneous
value of I is slightly less than IA; as described in case 3 Fig.2.7.c. Atw decreases with
the increase of I and at a particular value of I, to will be equal to (T/2-t). At this point
Atw = 0. Then Atw falls from (T/2+2t5) to 0 i.e changes from case 3 (Fig.2.7.c) to case 2

(Fig.2.7.b), causing a 'fall’ in the graph. These 'falling points' can then be connected to
form the upper boundary of the tripping time.

(b) The variation of the residual current IA and total tripping time At.
The fault time t 1s taken as the parameter.

Figure 2.8. The no load characteristics of a half wave reaction type RCCB.
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Residual current, mA Range of t, , ms Range of Atw, ms

30 1.67 - 5.00 0.0 - 20.0
150 0.32- 0.64 0.0- 11.28
250 0.19- 0.38 0.0- 10.76
Table 2.1 Range of tg and Atw

For a full wave reaction type RCCB, the characteristic is similar but the maximum Atw is

reduced by T/2.

2.4.2 The effect of resistive load current

When the fault is introduced while the load current is flowing, the tripping time may be
longer. Due to the inductance of the load circuit, an arc is drawn between the contacts of
the circuit breaker and only extinguishes at or near current zero. An additional time for

this arc extinction (Ata) should be added to get the total tripping time At'.

At' = At + Ata (2.9)

At no load, Ata = 0, and At' = At if the breaker can chop the residual current and

extinguishes the arc directly.

In analysing the effect of resistve load current on the tripping time, assume that :

1. The residual current is also resistive so that both the residual and the load currents are
in phase.

2. When the RCCB opens, the residual current still has to flow due to the inductance of

the load until the current reaches its natural zero.
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~ Thus, Ata begins at tf and lasts until the next current zero, its duration depends on tf. This

is shown in Fig.2.7.a to c.

The diagram in Fig.2.9.a shows a residual current Iz passing through a RCCB while the
resistive load current is flowing. Fig.2.9.b shows the total tripping time At' as a function

of fault time t,. There are 4 cases to be considered :

1. At0 =t <ty there will be a waiting time Atw, the maximum of which is t. Since the

RCCB operation time Atop is taken as constant, an extension of tripping time due to

the inductance effect Ata will start from tf = (tg+Atop) to t = T/2, at which point, the

arc will be extinguished.

o

For tg <ty < T/2-Atop, there will be no waiting time, but an arc will persist, it occurs

from tf = (tg+Atop) to t = T/2. At ty = (T/2-Atop), there will be no arc since the

RCCB opens exactly at current zero. This is why the total tripping time At', taken

when load current is flowing, is always higher than the same graph at no

load, and why finally, those two graphs coincide again as shown in Fig.2.9.b.

3. At (T/2-Atop) < to < (T/2-tg), although there is no waiting time, the RCCB opens

when the current has already passed its zero point, causing a long arc extinction time

Ata since the current will be interrupted at t = T. The Ata thus increases directly from

0 to T/2 but then decreases as tg increases. Before Ata reaches 0, ty reaches a value

higher than (T/2-tg), causing the waiting time to increase from O to (T/2+2ts) directly.
This causes two jumps' in the total tripping time At' graph in Fig.2.9.b.

4. For (T/2-tg) <ty < T, there will be a waiting time of (T+tg-t5). At t = T+tg, the
RCCB starts to operate and opens at tf = T+tg+Atop. Arcing occurs from t to

t = 3T/2, producing a Ata of (3T/2-t¢), which is constant for case 4. Thus after the

second jump, the total tripping time decreases and is a fixed time longer than for the

no load condition as shown in Fig.2.9.b.

41




The theoretical longest and shortest tripping times when a resistive load current is

flowing are:
At'maximum = 3T/2-(T/2-ts) = T-tg (2.10.a)
At' minimum = Atop (2.10.b)

At'max may be shorter in practice since the current may be interrupted before it reaches

natural zero.

243 The effect of inductive load current

It was assumed in section 2.4.2 that both the residual and load currents are resistive and
in phase. However while the residual current is likely to be resistive, the load current will
probably be not so. This will affect the total tripping time since the time for arc extinction
Ata is affected. Fig.2.9.b shows a pure resistive residual current with a pure inductive
load current. Since usually the residual current is very small compared with the load
current, an arc will be drawn from the time the RCCB switch opens undl the natural zero
of the load current. The tripping time can be calculated using similar method used to
analyse the effect of resistive load current on the tripping time of RCCBs as described in

section 2.4.2 resulting in the diagram in Fig.2.9.b. The Fig.2.9.b shows that the

maximum total tripping time is 30 ms, i.e., (5T/4 + tg) when tg has its maximum value.
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(a) Operation diagram for resistive load current

Figure 2.9. Effect of load current on the total tripping time
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From this analysis, it can be seen that an ordinary RCCB which usually has an operating
ame of around 5 ms will clear the fault in less than 40 ms regardless of the type of load
current and the fault time, provided it senses the fault at the first opportunity, i.e when the

residual current exceeds 1ts threshold of wipping current for the first time.

2.5, Summary

In this chapter, the theoretical tripping time characteristics of RCCBs for sinusoidal
current is derived. It should be pointed out that RCCB's tripping time depends on the
fault time. Thus if the fault is introduced randomly, the tripping time obtained is also
random and the maximum tripping time is unlikely to be obtained. It is also shown that
load current may extend the tripping time although it is unlikely to exceed the standard

limit. In the next chapter, a series of test is conducted to verify the theoretcal description.
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CHAPTER 3  EXPERIMENTAL RESULTS AND DISCUSSION OF
RCCB CHARACTERISTICS FOR THE FUNDAMENTAL
RESIDUAL CURRENT

3.1, Introduction

In this section, several test results using a 50 Hz sinusoidal residual current are presented

to verify the theory developed. To demonstrate that the RCCB tripping time depends on
the fault time ty, resistive earth faults were introduced at various points of the current

waveform using a point on wave device. The measurements were taken at no load and
also when a resistive load current was flowing. It is shown that tripping time varied
according to the fault time, thus a fault introduced only once at a random fault time is
unlikely to give the maximum tripping time. To obtain the maximum tripping time, a
point on wave device 1s needed. On the other hand, the way to obtain the RCCB tripping
time according to the current standard is to introduce a fault at random fault times without
specifying the number of tests that should be carried out, this is unlikely to give the
maximum tripping time of the RCCB. Since a point on wave device is not normally
available, especially in the field, the work is then extended to develop a probability
analysis of RCCB tripping time leading to a method of obtaining the maximum tripping
time of RCCBs by introducing several faults at random fault times followed by a simple

calculation.

3.2, Experimental results

3.2.1. Point-on wave tests

Measurements were made on 2 electromechanical and 2 electronic RCCBs. A 50 Hz sine
wave of 240 V was used. Resistive earth faults were introduced at various points on the

current wave using a Point on wave device. The test circuit is shown in Fig.3.1. Typical
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results for no load condition are given in Fig.3.2, and for loaded condition in Fig.3.3,

showing the tripping time for various residual currents and fault time t,,.

Most of the results both for electromechanical and electronic RCCBs follow theoretical
predictions fairly closely. However, one of the electronic RCCBs tested departed from

the theoretical prediction and as such is discussed later in more detail.

Line
RCCB
Variable load
Neutral
~ > \
o sl
St .
Sf: A switch used to bypass the RCCB to set the
residual current by varying Rf
Sb: A switch used to bypass the POW to set the
residual current
POW : Point On Wave, used to introduce a fault at
a desired fault time
SO:  Storage Osciloscope to measure tripping time
S1: The load switch
Figure 3.1. The test circuit to obtain the RCCB characteristics

for the fundamental residual current
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Figure 3.2. Test results at no load for IA of 30 and 150 mA
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Figure 3.3. Testresults at no load and with full load current flowing
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Fig.3.2 shows the tripping time for the RCCB at no load condition for a residual current
of 30 mA and 150 mA. The actual tripping current ] of the RCCB was 22.2 mA. It can
be seen that the maximum tripping time is lower if the residual current is higher as

predicted in section 2.4.1, Fig.2.8.a. The 'jump' of the tripping time due to the increase

of the waiting time 1s also clearly shown.

The effect of load current is shown in Fig.3.3. It can be seen that a longer tripping time
was obtained when the load current is flowing. The extra jump in the characteristic
caused by the arc when load current is flowing, i.e the first jump, is also clearly shown in
Fig.3.3. After the second jump, the total tripping time decreases, and for the loaded
condition it is a fixed time longer than for the no load condition. This characteristic

follows the theoretical prediction as described in section 2.4.2, Fig.2.9.b.

From Fig.3.2 and 3.3, it can be seen that the RCCB operation time, Atop, i.e the

minimum tripping time observed, is approximately 5 ms. The actual tripping current,
[y, of the RCCB was 22.2 mA, and the value of t¢ for any residual current IA can be

calculated from equation 2.5.

At no load, given t¢ and the operating time Atop, one can use equation 2.8.a to calculate

the maximum total tripping time as shown in Table 3.1. For the loaded condition

equation 2.10.a can be used and the resuits are shown in Table 3.2.
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Residual Current Total Tripping Time, ms
mA (r.m.s.)
Observed Calculated
30.0 21.0 20.3
150.0 16.0 16.0
250.0 16.0 15.6
Table 3.1.  Comparison of total tripping times, observed and calculated.

No-load condition.

Residual Current Total Tripping Time, ms
mA (r.m.s.)
Observed Calculated
30.0 22.0 22.6
150.0 20.0 20.5
250.0 19.0 20.3
Table 3.2.  Comparison of total tripping times, observed and calculated.

Resistive load current flowing.

3,2.2, Current interrupting characteristics

Fig.3.3 shows how the tripping time is extended when the load current is flowing.
Fig.3.4 shows that if the RCCB opens when the current is far from the current zero
(which exist at 1809), at around 20009, the circuit inductance and current between them
sustained an arc, causing the residual current to flow until near the next current zero. In

Fig.3.4, one can also see the current is interrupted just before it reaches current zero.
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(a) The cessation of the residual current at no load.

Current (20 mA/div)

X Y ¢ Time (2.5 ms/div)
(b) The cessation of the residual current when full load current was flowing

At no load (a), the RCCB opened when the current angle was approximately 2009, and

the current could be chopped directly at point X. When the load current was flowing (b),
arc existed from point X undl the next current zero (point Y).
The residual current used was 30 mA.

Figure 3.4. The extension of tripping ime due to the existence of the arc
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Examination of Fig.3.2 and 3.3 shows that the operating time Atop of the RCCB is about

5 ms, and that the residual current Ip does not affect this time perceptibly. Hence the

waiting time Atw is a significant proportion of the total tripping time At as predicted in the

theorencal analysis. It can thus be concluded that if the fault is introduced randomly then,
on most occasions, the longest tripping time will not be obtained. To find the longest

tripping time faults should be introduced at various angles.

3.2.3. Failure to meet the theoretical prediction

The results from one of the electronic RCCBs tested did not agree with the theoretical
predictions for a residual current Io of 30 mA but did so for [p = 150 mA and 250 mA.
At 30 mA the RCCB did not trip at the first opportunity, i.e when the instantaneous value
of the residual current [A exceeded the threshold value I for the first time, but only at

the second opportunity. This resulted in the characteristic shown in Fig.3.5. The
maximum tripping time was still lower than the 200 ms limit and this deviation does not
of itself seem to be harmful. It seems that the electronic circuit needs time before it can

sense the fault.
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Actual Tripping current [4A of the RCCB is 22.0 mA
Residual current [p = 30 mA

Figure 3.5. Testresults for the RCCB that failed to react at the first opportunity,

1.e when the residual current exceeds its threshold value for the first time.

3.2.4.  Effectof standing fault

A standing fault, i.e a fault which already exists before the RCCB is connected to the
supply may affect the tripping time of the electronic RCCB. Electronic RCCBs have an
auxiliary power supply to energise the amplifier, comparator and relay which are only in
action when the RCCB itself is connected to the mains. A finite time is needed for the
RCCB to get into a fully operational state in which it is able to sense and trip the relay.
An experiment was set up so that the power supply and the RCCB itself were switched
ontoa standing fault. Such a situation may occur when a person holds equipment which

is faulty before the RCCB and the power are switched on.
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[t was found that the two electronic RCCBs failed to react to the fault current when the

mnstantaneous value of the residual current I exceeded its threshold value I, for the first
time, but did react when the residual current exceeded its threshold for the second time.
Total tripping times of up to approximately 45 ms were observed for I5 = 250 mA.

Similar tests carried out on electromechanical RCCBs showed that their performance was

not impaired in the same way.

Figs.2.5 and 2.6 show that failure to meet the 40 ms criterion pushes the tripping point
at Io = 250 mA from zone 2 to zone 3 of the IEC chart but not to zone 4 where

ventricular fibrillation might be expected.

The number of RCCBs tested was limited, and more experiments would give greater
confidence in application of the results. The theory developed however does seem to
offer a basic frame work for such further study.

3.3, Random phase test method

33.1, Theory

The work so far shows that a fault introduced at a random phase angle is unlikely to yield
the longest total tripping time, i.e Atmax of the RCCB. Based on the RCCB
charactenstics however, it is possible to relate the number of tests and the probability of

reading the maximum At.

Fig.2.8 shows that if a residual current Io is passed through a RCCB at no load
condition, the total tripping time At is a function of fault time t,. If the fault is introduced
randomly, a probability function p(At) is obtained. From Fig.2.8, it can be found that the
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minimum At is obtained for a fault delay between tg and (T/2-tg). Thus the probability of

obtaining the minimum total tripping time (At min.) is :

p(At=Atmin.) = {(T/2-t5)-t5}/T

= (T/2- 2 tg)/T (3.1)

From the same figure, one can also find that :
p(At < At min.) =0

p(At > Atmax.) =0

and that the probability of obtaining a value of between At and (At+3At) in the range At

minimum to At maximum is given by combining and extending equations 3.1 and 2.8 :

1- p(At = At min.)

il

p(At min. < At+0At < At max.) . OAL

At max. - At min.

(1/T). bAt (3.2)

The probability function is shown in Fig.3.6.a.

If the integral of the function is taken as the cumulative value c(At), where :

Af max.
c(At) =pr(At) dAt (3.3)
At

a steep straight line 1s obtained as shown in Fig.3.6.b, c(At) is thus the probability of

obtaining a particular total tripping time At or higher.




p (At)

D (At=At min.)

/T

e o — e g

Atop At max.
At total tripping time

(a) The probability p(At) function

1-p(At=At min.)

Atop At max.
At total tripping time

(b) The cumulative probability c(At) function

Figure 3.6. The

probability and cumulative probability characteristics of RCCB's

total tripping time At at no load
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3.3.2.  Random phase test results

A RCCB was tested with random faults using a 30 mA residual current at no load. Faults
were switched using a triac rather than a contactor to eliminate contact bounce and
improve the sharpness of the fault application, 30 readings were taken. The times were
put in descending order and plotted as shown in Fig.3.7, and the points should
approximate the cumulative probability curve. The similarity between the test results and

the theoretical prediction gives confidence to this work.
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Total tripping time (ms)

Total number of tests M : 30
Residual current I4 = 30 mA.

Actual tripping current IgA = 22.2 mA.
: theoretical calculation.

Figure 3.7. Cumulative probability of the number of tests taken from a series of
random tests at no load
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333 Confidence levels on estimates of maximum tripping time

If the scale of At is divided into intervals of Atint, then the probability of observing a

tripping time in the interval Atint centred around At (# Atmin.) is : Atint/T

For a RCCB tested with random fault angles, the outcome of each test can be assigned
into one of two possibilities :

a. At = At max., the probability is Atint/T

b. At < At max., the probability is 1-(Atint/T)

The distribution is binomial, so for M tests, the probability that any Atint including the

maximum At may not be obtained is :

F(0) = (1-(AtinyT)}M (3.4)

and the probability of obtaining at least one maximum total tripping time is 1-F(0).

From equation 3.4 the number of random fault angle tests that must be carried out to
obtain the maximum total tripping time with 95% confidence can be calculated as shown
in Table 3.3. To obtain an accurate measurement without having to perform too many
tests 30 tests is suggested as giving the maximum tripping time to within 2 ms with 95%

contldence.

The maximum and minimum tripping time should be related to each other by

Atmax - Atmin = T/2 + 2tg, where the range of tg is shown in table 2.1, and so :

1 (At max. -At min. -T/2)/2 (3.5)

IoA IA sin [ @ (At max. -At min. - T/2)/2] (3.6)

Thus given At maximum and At minimum for one value of trial residual current I, one
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may calculate 1A, the actual tripping current. Conversely, given the actual tripping

current and the maximum tripping time At max., the operating time Atop can be

calculated.
Time interval, Atint (ms) Number of test

0.5 118

1.0 59

1.5 39

2.0 29

2.5 23

3.0 19

3.5 16

4.0 14
Table 3.3 Relation between time interval and the number of tests for a 95%

confidence level.

It should be pointed out that if the load current is taken into account, a rather different
probability function is obtained from the no-load case as shown in Fig.3.8. The
important point to note 1s that the probability of obtaining the maximum At' is the same,
that 1s 1/T, although the value of At' maximum itself is greater. Consequently the
probability analysis developed for the no load case above can also be applied, and the

same number of tests should be performed to obtain the maximum total tripping time.
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Figure 3.8. The probability and cumulative probability characteristics of an RCCB's
total tripping time with load current flowing.
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3.4, Summary

There are several important points to note about the RCCB characteristics for sinusoidal
current. Firstly, as described in the theory and verifed by test results, the ripping time of
the RCCB is a function of fault time, and that the load current may extend the tripping
tme due to the existence of the arc. Thus a fault introduced only once at no load will
rarely measure the maximum tripping time that can be encountered in practice. The
maximum tripping time can be obtained by using a point on wave device which
unfortunately is not normally available especially in the field. Based on the probability
study however, it is possible to obtain the maximum tripping time by carrying out
random tests several times. If a 2 ms interval resolution is taken, then the random test
should be repeated 30 times in order to obtain the maximum tripping time with 95%
confidence level. The maximum value, and not the average should be taken as the
maximum tripping time. A similar analysis can also be used if the load current is flowing
to obtain the maximum total tripping time. Finally, it should be mentioned that a longer
maximum total tripping time, in excess of the standard limit, may be obtained in
electronic RCCBs if they are switched onto a standing fault (Note, this may not be as

dangerous as it appears).
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CHAPTER 4. THE EFFECT OF HARMONICS ON RCCB CHARACTERISTICS

4.1, Introduction

In the beginning of this chapter, a brief introduction about how the harmonics are
generated as well as the harmonic content of the mains supply is presented. Since RCCBs
are mainly used to protect people against ventricular fibrillation, then the effect of
harmonics on ventricular fibrillation is also briefly described. It is then followed by the

theoretical description of the effect of harmonics on RCCBs.

4.1.1. The harmonic content in the mains supply

Basically harmonics are produced by non-linear loads and especially power electronic

devices. Although the system generators also produce some harmonics, their value is

negligible. The main sources of harmonics, as pointed out by the Mc Graw Edison team

are (56) :

1. Ferromagnetic devices such as distribution transformers.

2. Arcing loads such as arc furnaces, fluorescent lighting.

3. Electronic and power electronic devices such as oven controls, rectifier circuits on
TVs, battery chargers, etc.

The last two are the dominant sources of harmonics (56).

Since RCCBs are used to protect a particular installation or a particular load, they are
subject to harmonics produced by the particular load, or in case of an installation, the
summation of harmonics produced by all devices within the installation. Protection
relays, which will be described in the next chapters, are connected to the distribution or
transmission line via current or voltage transformers and are thus subject to the
summation of harmonics of all devices supplied by the line. Fortunately, as Crucq and

Robert (57) pointed out, the resulting harmonic level is lower than the arithmetic sum of
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the individual contributions .

In the UK, and also in other countries, the harmonic currents that may be fed into the
electricity supply system by the consumers' electrical equipment are governed by
regulations (58,59,83). The harmonic content in the mains line and the way 1t should be
measured are still being extensively studied (57,58). One of the most Important features
is the 'time interval of the measurement, since an installation which has a negligible
harmonic content over a long period, say one week, may produce a high harmonic
content during a very short period, say 1 s. The following time intervals for measurement
have been proposed for an IEC guidelines (60) :

1. Very shortinterval : 3 s

2. Short interval : 10 minutes

3. Longinterval : 1 hour

4. One day interval : 24 hours

5. One week interval : 7 days

Another important feature is the parameter that should be measured. EPRI report (70)
stated that conventional statistical measurement of amplitude does not adequately describe
harmonic levels because of frequent abrupt changes in harmonic and noise amplitudes
with time at a fixed location. A similar view was also expressed by Orr and Cygorski
(84). In order to present the information about the non-sinusoidal waveform, the amount
of distortion can be expressed in several ways (48,77). One way is to define the
distortion factor as the ratio of the r.m.s. value of the harmonic only to the the r.m.s.
value of the waveform. Another way is to express the distortion factor as the ratio of the
r.m.s. value of the harmonics only to the r.m.s. of the fundamental. The above
expressions about distortion give information about the harmonic content but not how the
waveform itself looks like. Recently, Crucq and Robert (57) started to present harmonic
content in a probability diagram which includes both magnitude and phase angle of the

harmonic current/voltage. In the light of my study as reported previously (32,53,54,55),
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this method of presentation seems to be preferable since phase angles affect the tripping

value of RCCBs as well as the two types of protection relays studied.

Although it is not the intenton of this work to study the harmonic content in the mains, it
should be pointed out that at the moment many measurements of harmonic content of a
particular installation or load have been reported (70,71,82). In particular, attention
should be paid to the high harmonic content in some plants where it was observed that the
harmonic currents exceed the magnitude of the fundamental currents as described by an

[EEE committee study (48).

4.1.2. The effect of harmonics on ventricular fibrillatdon

Concerning the effect of harmonics on ventricular fibrillation, after an extensive literature
survey, 1t was found that several vague points exist. Although Dalziel (63) showed that
the threshold of let go current varies with frequency, it is not yet known whether the
effect on the human body of a periodic non-sinusoidal current waveform can be
considered the same as the effect of each individual frequency component summed
appropriately (64). On the other hand, Dalziel (66) also showed that for a periodic
non-sinusoidal current waveform, it was the peak of the waveform which determined the

let go threshold.

Despite a broad literature survey, no complete information was found concemning the
effect of a periodic non-sinusoidal waveform on the threshold of ventricular fibrillation.
Morley (15) calculated the effect of frequency on the threshold of ventricular fibrillation
based on Geddes and Baker's results (65). However it is not known how the human
body, especially the heart, will react to the effect of the summation of those waveforms.
There is no confirmation as to whether Dalziel's experimental results concerning the
threshold of let go current for non-sinusoidal waveforms (66) is also applicable to

ventricular fibrillation. Although not accepted unanimously, Bernstein (64) stated that it
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was widely agreed that the energy in the current determined the threshold of ventricular
fibrillation. However, Bridges et al pointed out that a full and complete understanding on

how human body will react to non-sinusoidal current was still some time away (26).

Despite the lack of complete understanding, in the middle of 1987, IEC published the
electrocution criterion for a.c. current above 50 Hz and 3 types of non sinusoidal
waveform (3) :

- Alternating Sinusoidal Currents with a d.c. component.

- Alternating Sinusoidal Currents with phase control.

- Alternating Sinusoidal Currents with multicycle control.

Other types of waveform are still under consideration.

Fig.4.1 shows the effect of frequency on the threshold of ventricular fibrillation.
In general it can be concluded that the effects of periodic non-sinusoidal current

waveforms on the human body is a field that needs further works (NB: Outside the scope

of this work).
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 Mustration removed for Copyright restrictions

ton University

— A U —

Variation of the threshold of ventricular fibrillation within the frequency range 50/60 Hz
to 1000 Hz, shock durations longer than one heart period and longitudinal current paths
through the trunk of the body.

Note.- For shock-durations shorter than one heart period, other curves are under -
consideraton.

Frequency factor Fr is the ratio of the threshold current for the relevant physiological
effects at the frequency f to threshold current at 50/60 Hz.

Figure 4.1. The Effect of frequency on the threshold of ventricular fibrillation;
Taken from IEC report 479-2 (3)

4.1.3. Approach taken in analysing the effect of harmonics

In the previous RCCB model described in section 2.2, the tripping parameter XA is
assumed to be linearly related to the residual current IA. Consequently, RCCBs start to
operate when the instantaneous value of the residual current IA sensed by the CBT

exceeds a particular triggering threshold value IA;. The theoretical prediction of an
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RCCBs performance based on the above model compared well with the experimental
results in the case of a pure sinusoidal residual current. If the residual current contains
harmonics, i.¢ it is not sinusoidal, then every single sinusoidal component frequency of
the residual current will be affected by the RCCB differently. The inductance of the CBT
for example will have different effects on each frequency. Thus the effect of the RCCB
on each sinusoidal component of the periodic non-sinusoidal residual current waveform
should be firstly considered, then the effect of the non-sinusoidal waveform will be

considered.

4.2, Frequency response analysis

42.1. Theeffect of the CBT

Firstly, the effect of frequency on RCCBs will be considered, since any periodic

waveform can be divided into a series of sinusoidal waveforms. If a CBT is connected to

arelay which acts as a burden as shown in Fig.2.1, a residual current I passing through
the CBT will act as the a primary current of a current transformer Ip. This current will

cause a secondary current Ig to flow. Ideally, based on the equation :

NyI, = Nl (4.1)

I 1s not a function of frequency and depend only on Ip, Np and Ng. If the core losses,

magnetising flux and other constants are taken into account as discussed below, I will

vary with frequency. Fig.4.2 shows the model of the CBT and Fig.4.3 shows its phasor

diagram.

As frequency increases, core losses will increase. On the other hand, Imp will decrease
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since the impedance WLmp increases. The decrease in Imp will also decrease Vg and Ig.
The increase in frequency will also increase Vg since it is directly proportional to

frequency, and will tend to increase Is. Morley (15) showed that although Vy increases

proportionally with frequency, at even higher frequencies, the voltage tends to level off

due to increasing losses. Since both the secondary winding and the burden contain some

inductance, the total secondary winding impedance Zg will increase with frequency. This
effect will decrease 5. All the above effects will affect the variation of the secondary

current Ig with frequency. Depending on which effects are dominant, [g may either

increase or decrease. It is thus clear that the output of the CBT and hence the RCCB will

exhibit a '‘Gain Response'.

Rgs + Rp =Ry

Zg=Rg+jwlLg

Figure 4.2. The CBT model
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Figure 4.3. Phasor diagram of the CBT model

The electromechanical relays as shown in Fig.2.2 and Fig.2.3, which are the tripping

mechanisms of electromechanical RCCBs, are the burden of the CBT. The relay opens

the circuit breaker provided the flux in the relay produced by I can overcome the effect
of flux produced by the permanent magnet. Assuming that the flux is linearly related to Ig

then the relay will open when the peak value of g reaches the threshold value. If I
decreases when frequency increases, then in order to trip the RCCB, the residual current

IA should be increased to increase I¢ such that its peak value reaches the threshold value,
causing the relay to open. Consequently, the RCCB's tripping current Iy will increase
with frequency. Similarly, if I increases with increasing frequency, the tripping current

IoA decreases.

For the electronic RCCBs as shown in Fig.2.4, the load resistor Ry is the burden of the

CBT. Provided Ry is a pure resistor and the amplifier gain is independent of frequency,
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then the amplifier output voltage Vg, which is the tripping parameter of the RCCB, will
be linearly related to I5. The relay will be energised whenever the peak value of Vg

reaches V| which is a constant value. Consequently, the analysis of the variation of

RCCB's tripping current Ioa with frequency for electromechanical RCCBs is also

applicable to electronic RCCBs.

In addition to 'gain response' as discussed above, Fig.4.3 shows that RCCBs also

exhibit ‘phase shift'. From this figure it can be seen that I is not necessarily in phase
with Ip. The phase difference B4 is dependent upon Zs, Rep, and Lmp, and as Wright
(30) shows, BA can be negative although in most cases it is positive. If the frequency is

varied, Bp will vary .

Be tan-1 (Icp/Imp)

tan”}(@Lgp/Rep) 4.2)

Il

As frequency increases, then the wLmp reactance and the core losses increase, and

change the value of 8¢ and hence 8A.

B = tan"l(wLyRy) (4.3)

hence with the increase in frequency, B¢ increases, causing B and 84 to decrease. The

combination of the above effects will either increase or decrease B (depending which of

the effects dominate).
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4.2.2. The effect of the relay

The relay may affect electromechanical RCCB characteristics since the relay flux, @, is
not necessarily linearly related to the secondary current I;. Hence, the increase in

frequency may affect the relationship between @r and I as discussed below. The flux in

the relay 3 is related to I since :

Or = IJ/Sp (4.4)

Si = u li/Ag (4.5)

where Sy is the relay reluctance, lpj is the relay length, (1, is the relay permeability and

Ar] is the cross sectional area of the relay. Ideally, the frequency does not affect the

relationship between the current and the flux. However, as the frequency is increased, the

core loss of the relay becomes more significant and the magnetising component of the

current decreases, hence flux @, decreases and consequently, the tripping current has to
increase. Thus in mechanical RCCBs, the tripping current Iy is affected by both the
CBT and the relay. Consequently, the flux in the relay @, which is actually the tripping
parameter XA of the RCCB, exhibits both gain and phase shift with respect to the
residual current IA even though the core operates in its linear region. As a consequence,

the waveform of the tripping parameter XA differs from the waveform of 1A and varies

with frequency.

For electronic RCCBs, normally the relay has no effect at all since it is not energised
directly by the secondary current I of the CBT. The secondary current is normally used

to trigger an electronic circuit and the relay itself is energised by a separate power supply
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which draws the power from the mains (see section 2.1).

4.2.3. The effect to the RCCB tripping current

Normally, RCCBs are adjusted for residual current at power frequency, i.e 50 Hz. If the

residual current at 50 Hz reaches the tripping current Iy, the RCCB will trip. However,
if the frequency increases, the relationship between the tripping parameter X A and the
residual current Ip also changes since their relationship is a function of frequency.

Consequently the RCCB is more sensitive if XA increases with the increase of frequency

and vice versa.

Depending on the RCCB constants, the increase in frequency may increase or decrease
the sensitivity of RCCBs. This may explain the Electricity Council test results (see
Ref.29), where it was found that harmonics may increase or decrease the sensitivity of

RCCB:s.

4.3, Effect of harmonics

A periodic non-sinusoidal residual current can be split into its sinusoidal components. As
described in section 4.2 above, each component is affected differently, i.e. each
frequency may have a different tripping current since the relationship between the residual
current and the tripping parameter XA may be different for each frequency.

Consequently, the waveform of the tripping parameter will be different to that of the

residual current. A periodic non-sinusoidal residual current can be represented as :
o0

IA = 2 Iapsin (@gt+0p) (4.6)
n=1
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Then the tripping parameter waveform is :

oo

XA = 2 (Gplap) sin (0t +3,+8, ) (4.7)
n=1

provided the CBT and the relay work in their linear region. G;, and 8, are the gain and

phase shift of the ipping parameter X, for the nth harmonic residual current IAp-

Equations 4.6 and 4.7 show that if the frequency response of a RCCB is known, it is
possible to calculate its tripping current for non-sinusoidal waveforms. Firstly, the

non-sinusoidal waveform should be split into its fundamental and harmonics, then the

peak of the triggering parameter XA can be determined. Since the RCCB trips once this

peak reaches X, then the tripping current I of the waveform can be calculated.

4.4, Other considerations

It has been described that the sensitivity of RCCBs is affected by harmonics and for
sinusoidal residual current it is also affected by the frequency of that residual current. The
effects depend on the RCCB constants. On the other hand, ventricular fibrillation is also
affected by the frequency of sinusoidal currents and in the case of non-sinusoidal current,
by its harmonics content although the effect is not completely clear. It is important to
point out at this stage that the effect of harmonics on RCCBs is not necessarily similar to
that on ventricular fibrillation. Thus a RCCB that may provide protection against
ventricular fibrillation may not do so if the current contains harmonics. A RCCB however
may be designed with an additional filter which has a similar frequency response to that
of a body as developed by Morley et al (15). However, while the response of such a filter
to a periodic non-sinusoidal waveform can be calculated, the response of the same

waveform to our heart is still unclear and as such this deserves more study (outside the
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scope of our work).

Although BS 4293 (6) only considers sinusoidal residual current, other standards such as
West Germany 's VDE 0664 (72) includes non-sinusoidal residual current requirements.
In this standard (72) only pulsating d.c. currents, e.g the waveform that occurs at half
wave rectification, are included in the requirement. This work however focusses on the
effect of harmonics on RCCBs used for sinusoidal residual current as laid down by BS
4293 although the brief discussion below on the RCCBs that follow VDE 0664 shows

that they are also affected by harmonics.

In order to enable a mechanical RCCB to sense pulsating d.c. residual current, usually a
magnetic material which has high 'flux charge' as described by Meir (73) and Roesch
(74) 1s used. In addition, a capacitor is placed in series with the electromechanical relay to

make the trip circuit resonant (73,74). Roesch (74) showed that this capacitor may

increase the phase shift between the secondary current (Ig) and the primary current (Ip) of

the CBT. Thus while an ordinary RCCB may have negligible phase shift 6, a RCCB

fitted with a capacitor, which are widely used in order to fulfill the requirement of a
standard such as VDE 0664, may not. However, since the construction of the d.c.
sensitive RCCBs are similar to the ordinary RCCBs, the effect of harmonics on them can

be analysed in the same way.

45,  Summary

This theoretical description shows that sinusoidal residual currents with different
frequencies have a different twipping current which depends on the RCCB constants.
Since a periodic non-sinusoidal current can be split into its sinusoidal components, then
each components is affected differently. However, if the frequency response of the

RCCB is known, then the tripping current for the non-sinusoidal current waveforms can
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be calculated. Depending on the RCCB constants, harmonics may increase or decrease

the sensitivity of RCCBs.

Another important point to note is that the effect of non-sinusoidal current on the human
heart 1s sull largely unknown. Thus although the RCCB behaviour due to harmonics is
known, its effectiveness in protecting people against ventricular fibrillation still has to be

found which is outside the scope of this work.
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CHAPTER 5. EXPERIMENTAL RESULTS AND DISCUSSION OF THE EFFECT
OF HARMONICS ON RCCB CHARACTERISTICS

5.1, Introduction

In this chapter, some test results are presented. Firsty, the tripping currents of the RCCB
for sinusoidal current at various frequencies were obtained. Then the tripping currents of
the RCCB if the current contain harmonics were measured. A waveform generator that
could generate a waveform with controlled harmonic content was built and used to test
the RCCB. In order to see the effect of the waveform on the tripping current, several

currents which have the same harmonic content but different waveforms due to different

phase angle d, were used to trip the RCCB.

5.2. Frequency response tests of RCCBs

Following the previous theoretical analysis in chapter 4, two mechanical and one
electronic RCCB were tested using sinusoidal current waveforms with frequencies from
50 to 1000 Hz. A signal generator was used coupled to a high power amplifier and the
output was connected through the RCCB tested to a resistive load as shown in Fig.5.1.

Both the amplifier gain and load can be varied to increase the current.

The tripping current of the RCCB, IyA, and the relay magnetising current, i.e the

secondary current of the CBT, I;, were measured. The phase shift between the primary

(Ip) and secondary (I5) current, 0, was also measured. I and I, were passed through a

linear resistor of low resistance and the phase shift between the two voltage drops was

measured using an oscilloscope. In the case of the electronic RCCB, the voltage drop

across the resistance, Vg, could be measured directly. It was found that in one
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increase as predicted previously in the theoretical work in chapter 4. In another
elecrromechanical RCCB however, it was found that although I increased, I, increased

as well, suggesting that the suppression caused by the elecromechanical relay was
dominant in comparison to the gain caused by the CBT. Thus the effects as described in

the theory took place as predicted. For the electronic RCCB, it was found that the

elecromechanical RCCB, I decreased with an increase in frequency, causing Ioa to

tripping current I increased while Vg decreased as predicted in the theory.

shows that the frequency affects the tripping current significantly. The measurement on

Fig.5.2 shows the effect of frequency on the tripping current of a RCCB. The figure

the phase shift 8, shows that its value is quite small, around 59, as predicted.

(mA)
-/
Signal Generator RCCB
or . .
Waveform generator High power Amplifier
Figure 5.1. The test circuit to obtain the effect of harmonics on

RCCB characteristics
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Figure 5.2. Experimental results of the effect of frequency on
the tripping current of a RCCB.
5.3. Effect of harmonics

Based on the test results of the RCCB tripping current for sinusoidal waveform at various

frequencies, the tripping current IoA of various non-sinusoidal current waveforms can be

calculated based on equation 4.7. Since the phase shift 6, was small, its value was

neglected in the calculation. The predictions of the RCCB tripping current for

non-sinusoidal waveforms were then compared with direct measurements.

A waveform generator that can produce a waveform with a controlled harmonic content
was built. Appendix 1 gives the details of the generator. The generator was coupled to a

high power amplifier and connected to the load through the RCCB as shown in Fig.5.1.
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The waveform generator was used to obtain the tripping current of the RCCB for a non

sinusoidal waveform. A residual current of :

ciam Lo

iA = Ip {sin (W1t) + Ky sin (nu)lﬁ—an)} (5.1

was passed through the RCCB, and increased gradually until the RCCB tripped and the

tripping current was measured. In the test, n = 3 and n = 5 were used. In order to vary

the waveform, d was varied. As long as kp, is kept constant, the variation of dp will

only affect the waveform but not the harmonic content which depends only on kj. The

same method will also be used for relay testing in the next chapters.

Figure 5.3 shows the test results and the predictions. It can be seen that peaky
waveforms have a lower tripping current since the RCCB is sensitive to peak values (see
Chapter 2). All the test results correlated well with the theoretical predictions and
discrepancies obtained for all RCCBs tested were below 7.5 %. All calculations were

carried out using a computer program written for this purpose.

The computer program written consists of 2 different programs. The first program can
be used to calculate the r.m.s. value of a waveform provided its harmonics content is
known (odd only, up to 7thy. The second program is used to find the tripping current of a
RCCB provided the harmonic content of the waveform is known. To do this, the
program will find the peak of the waveform then increase the value such that the peak
reaches the threshold value of the RCCB. Once the waveform value is known, the first
program can be used to find the r.m.s. value of that waveform. All these programs are
given in appendix 2. Aston University's VAX CLUSTER was used to write, run and

store all the programs described in this chapter as well as all those in the next chapters.
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Note : A residual current of iy = I { sin (wq1) +sin (not + dp)) was used.
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e 5.3.
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Summary

In this chapter, the comparison between the theory and the experimental results of the

effect of harmonics on the tripping current of the RCCB is presented. The theoretical

results compare well with the experimental results.

An important point to note is the way the effect of harmonics is assessed. The interaction
between the tripping parameter and the relay mechanism that carries out the tripping
operation, i.e the armature, is evaluated. Consequently, the waveform of the tripping
parameter and the relay constants should be taken into account. This method
demonstrates that two waveforms having the same harmonic content but different
waveform shapes may have different tripping currents. A similar method will be used to

asses the effect of harmonics on electromechanical overcurrent relays in the next chapters.
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CHAPTER 6. THE BASIC CONSTRUCTION AND OPERATION
OF EM IOCRELAYS

6.1. Introduction

In this chapter, the basic construction and the operation of EM IOC relays are assessed
theoretically. This is considered important since there are somewhat contradictory views
about the effect of harmonics on this type of relay. Horton and Goldberg's model (37)
showed that EM I0C relays should not be affected by harmonics provided the current and
the flux are linearly related and independent of frequency. In their work, it was assumed
that the relay tripped if the average force produced by any waveform had the same value
as the average force produced by the rated tripping current of the fundamental sinusoidal
current. Since it could be shown mathematically that the average force was linearly related
to the r.m.s. current value, then this relay would trip provided the r.m:s. value of any
current waveform exceeded its rated tripping current. Two other studies by IEEE groups
(39,48) stated that although EM IOC relays were largely independent of harmonics, a
very distorted waveform might affect the tripping current. Linders in his discussion (37)
also stated the fact that some distorted waveforms might affect the tripping current of this
relay. Unfortunately, no reasons were given as to why the EM I0C relay, which was

theoretically unaffected by harmonics, may or may not be affected by harmonics.

The method taken to asses the effect of harmonics on the characteristics of EM IOC relays
in this work is similar to the method used to assess the effect of harmonics on RCCBs.
Thus the basic construction of the EM IOC relay is analysed then the movement of the
armature is evaluated. To do this, the equations that govern the armature movement are
derived. The relay is said to trip if the current can attract the armature from its rest

position to its operating position and hold it at that position.
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6.2. The basic construction of an EM IOC relay

The basic construction of an EM I0C relay is shown in Fig.6.1, Fig.6.1.a. is the
attracted armature type and Fig.6.1.b is the hinged armature type. As shown by Peek and

Wagar (41) and also derived in appendix 3, the armature movement of both relays can be

analysed using similar equations.

In the UK, BS 142 covers the requirements of this relay which is grouped as an ‘'all or
nothing' type relay. Thus this relay should be energised when the the energising quantity,
in this case the current, exceeds the pick up value. Normally, the rated tripping current
can be set at various values by means of a plug setting bridge which has a single insulated
plug. When the relay trips, i.e the armature is attracted to the operating position, the

armature actuates several switches which can be of normally open or normally close

types.

Although the relationship between the current passing through the relay winding and the
flux produced by the core is not generally linear, in this analysis it will be assumed that
they are linearly related. This assumption is a fair representation of reality due to the air

gap, and is normally taken (37,41). An examination of Fig.6.1.b, taking x = O at rest
position and x = X, (or x = X5/2 for Fig.6.1.a) at the operating position, shows that the

relay's magnetic circuit can be represented by the circuit in Fig.6.2.
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a. Attracted armature type b. Hinged armature type

Figure 6.1. The basic construction of an EM I0C relay.

Figure 6.2. The magnetic circuit of an EM IOC relay

Based on the magnetic circuit, the armature movement as discussed in detail by Peek and

Wagar (41) and also by Karo and Dhar (42) will be governed by the following forces :

Pulling Force: Fp = @g2/2 Hoa (6.1)
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where :

S]

Og = oo e (6.2)
Sl+(SO+Sg)

Bc = Ni/(Sc+Sjog) (6.3)
S (SO+Sg)

Slog = --m=ww-mmmees (6.4)
Sl+(so+sg)

Sg = XoX)/Hoa (6.5)

The restraining force consists of :

Spring Force:  Fg = Fg+ K¢x (6.6)

Friction Force :  Fg Ky dx/dt (6.7)

The movement of the armature is then governed by :
Fp-Fs-Ff = m dx/di? (6.8)

By using the above equations, the armature movement, X, can be obtained.

From the above equations, it can be seen that the current produces a pulling force that
attracts the armature and thus trips the relay. The armature movement is significantly

affected by the relay constants. To determine the tripping current, the interaction between

the pulling force Fp and the tripping mechanism should be evaluated as will be described

later in section 6.5.

6.3. Effects of the shaded pole

In order to prevent an a.c. relay from vibrating, it is usual to split the magnetic pole into
two sections and surround one half with a copper band (38). This is known as shading
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the pole. The equations that governs the armature movement of a relay with shaded pole

for a current i=v2Isin (wqt) is given below.

Fpi = @gi®/2u08 (69)
Sii
le e it @Cl (6'10)
S1i+(Soi+Sgi)

Bl = -rmemeememenenes (6.11)

Bep = —mmmmmmmmmmmmees (6.12)
[(Sca+S10g2)? + (07 G2]%

v = -tan' {(0) Gg)/ (Sc2+S10g2)) (6.13)

Sogi = i (6.14)

Sgi = (Xo-x)/Ho aj (6.15)

Index 1 and 2 in all equations are used in conjunction with B¢ and @¢7 respectively,
and index i represents either 1 or 2. A complete derivation of the above equations is
shown in Appendix 3. The total pulling force is the summation of the pulling force

produced by the shaded and unshaded poles ;

Fp =Fp1+Fp2 (6.16)
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Equation (6.8) can then be used to evaluate the armature movement. If the current
contains harmonics, then the pulling force produced by each individual frequency

component caused by the shaded and unshaded poles should be obtained and then

summated to obtain the total pulling force.

6.4. Effects of the stopper

Depending on the mechanical constants, applied frequency and the current passing
through the relay, the armature may be fully attracted directly. In general however, it will
be only partially attracted before being fully attracted. The initial pulling force is unable to
overcome the restraining force, causing the armature to collide with the stopper before it
is attracted again. This collision may happen several times before the armature is fully
attracted. Consequently, the collision between the armature and the stopper should be

taken into account.

Assuming a head on type of collision and that the stopper has a much bigger mass than
the armature, so that it is always in a stable/ rest position before any collision, than the
armature will have :

1. Zero final velocity for a completely inelastic collision, i.e. where the kinetic energy

decreases.

2. Final velocity = Initial velocity but with negative sign for completely elastic collision,
i.e. where the kinetic energy is conserved.

3. Final velocity is a fraction of its initial velocity but with negative sign for a partially

elastic collision.

In short :
Vs =-Bg. Vig (6.17)

where B is the collision factor and it has a value between 0 and 1, V¢ = final velocity
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and Vi = initial velocity of the armature before and after the collision with the stopper.

6.5, Tripping requirements

When a current is passed through the relay, the armature will be attracted towards the
core. It should be pointed out that once the armature is attracted, it doesn't necessarily

mean that the core will also be able to hold the armature successfully.

A typical instantaneous overcurrent relay of hinged armature type is shown in Fig.6.3. It
can be seen that the relay switch is on even when the armature has not been completely
attracted, and it is still on even when the armature is just separated from the core. Thus an
armature vibration can be accepted as long as it does not cause the relay switch to vibrate.

A relay can thus be said to trip if the armature can be successfully attracted and held by

the core. Thus the attracting current I;; can be defined as the minimum current that can

attract the armature successfully to the core, while the tripping current I is the minimum

current that can attract and hold the armature successfully.

Since a collision may occur between the armature and the core, then assuming a head on

type of collision and that the armature has a negligible mass compared with the core, a

collision coefficient B8 should be considered such that :

Vie = -Be- Vic (6.18)

where V. and Vg, are the velocity of the armature before and after collision with the

core, B is the collision factor.
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Note : Since the contacts travel (X1) is shorter than the armature's (Xo), then the
contacts are still on even if the armature vibrates slightly.

Figure 6.3. An EM IOC relay and its contacts.

6.6. Summary

In this chapter, equations that govern the armature movement are derived, taking into
account the effect of the shaded pole. It is important to note that in order to trip the relay,

the armature should be attracted and held at the operating position. The next step is then

to simulate all the above equations in a complete computer model to obtain the tripping
current of the EM 10C relay and compare the results obtained from this model with

experimental results.




CHAPTER 7. SIMULATION AND EXPERIMENTAL RESULTS OF

THE EFFECT OF HARMONICS ON THE OPERATING
POINT OF AN EM IOC RELAY

7.1, Introduction

The simulation results of both the attracting current and the tripping current of the EM
IOC relay are presented in this chapter. The simulation to obtain the attracting current, i.e
the current that can attract the armature to the operating position, was carried out to
compare the results with the theoretical model of Horton and Goldberg (37). This
comparison is considered important since in their model, the vibration of the armature
was not taken into account, 1.e. the relay tripped when the armature could be attracted to
the operating position. Note that in the theoretical description in chapter 6, the current is
also assumed to be linearly related with the flux as was also taken in the other model
(37). The next step is to carry out the simulation to obtain the tripping current of the EM

IOC relay, taking into account the vibration of the armature.

In the simulation, the effect of frequency on the tripping current of the relay was also
obtained in addition to the effect of harmonics. This was carried out mainly for two
reasons. Firstly, if the relay can really trip provided the r.m.s. value of the current
exceeds the rated tripping current irrespective of the waveform, then frequency should
not have any effect on the tripping current. Secondly, it is also important to see whether
superposition can be applied to this type of relay. Experimental results concerning the
effect of frequency as well as harmonics on the tripping current of the relay are also

presented and compared with the simulation results.

1.2, Preparation of the simulation

To find out the effect of frequency and harmonics on the relay operation, the equations
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that govern the armature movement were simulated. It can then be shown whether
different waveforms having similar r.m.s. values will be able to attract the armature
successfully and thus trip the relay. The attention of the simulation is thus focussed more
on the effect of the current waveform rather then only on the r.m.s. of the harmonic

content. For this exercise, the relay constants were taken from reference (42).

The simulation was carried out using an ACSL (Advance Continuous Simulation
Language) package program. ACSL is a simulation language which is designed for
modelling continuous systems. The system can be described by time dependent, non
linear differential equations (69). A special feature of this package is its integration
operator, which is the heart of the simulation. To use the package, all the differential
operators should be changed to integration. This is carried out by expressing the highest

derivative of a variable in terms of lower order derivatives and other variables.

In the simulation, several assumptions were made :
- The flux 1s considered to be linearly related to the current, independent of frequency.
- The relay is subject to overload current, hence transients are not considered.

- The fault is introduced at current zero when current is increasing.

- Constant core permeability p and leakage reluctance Sy .

In the first simulation, the effect of harmonics in attracting the armature successfully to
the core is evaluated as presented in section 7.3. Then the effect of harmonics on the

tripping current is analysed and presented in section 7.4.
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The simulation of an EM IQC relay to evaluate the attracting current

7.3.1 Non-shaded pole

A sinusoidal current of 50 Hz was used to obtain the attracting current 1. It was carried

out by passing several gradually increasing currents through the relay when it was in a
non-operating position. The minimum current value able to attract the relay can then be

obtained. Fig.7.1 shows the simulation of the armature travel, x, for several values of

current at B = 0.5. It shows that the armature moves from the rest position at the stopper

i.e. x = 0 to the operating position i.e. x = X, ( see also Fig.6.1) and that collision

between the armature and the stopper may take place before the armature reaches the

operating position. Fig.7.2 shows the minimum a.c. attracting current for several values

of B. Appendix 4.1 gives the complete computer program.

7.3.2. Effects of shaded pole.

The effect of the shaded pole on the attracting current is also shown in Fig.7.2. In the
simulation, it was assumed that one half of the pole is surrounded by one turn of copper,
so that all the reluctance due to the flux in the unshaded pole is equal to that in the shaded

pole. It can be seen that this shaded pole effect increases the attracting current. This is
apparently caused by the short circuited coil, since the current induced in it (Ic) will

produce a flux opposing the flux caused by the main current (I). Consequently, the
attracting current will increase. Since an a.c. relay usually has a shaded pole to prevent
the armature from vibrating, in all further simulations, a shaded pole is always assumed

to be used. Fig.7.3 shows the pulling force produced by the current. Due to the shaded

pole, the pulling force (Fp) never reaches zero, and thus avoids the vigorous armature

vibration.
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A: The armature is successfully attracted, NI = 137.5 A . Since ¢=0.5, it can be seen
that the armature may collide several times with the stopper before it is fully attracted.

B : The armature cannot be attracted, NI = 134.35 A. During the time when Fp <F, the
armature will be attracted toward the stopper. However, since 85=0.5, the bouncing
effect takes place causing the armature to move toward the core again.

B was taken as 0.5

Figure 7.1. Simulation results of the armature travel, x, for fundamental current.
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Figure 7.2. Simulation results of the attracting current for several values of S,
showing the effect of shaded pole.
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Figure 7.3. Simulation results of the pulling force Fp for a shaded pole relay

at fundamental current.
Fpis always greater than O due to the shaded pole.
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7.3.3 Effects of harmonics.

The next simulation was designed to assess the effect of harmonics on the attracting

current. A current of :

1 = I{sin(w;t)+ky sin(nowqt+y)) (7.1)

was used in the simulation where oy, and ky were varied. A change in 9, while

maintaining kj constant results in a change in the waveform of the current while

maintaining the harmonic content constant. The results are shown in table 7.1. The figure

shows that two waveforms which have a similar harmonic content, say 3rd harmonic

(n = 3) with k3 = 1/3, will have different attracting currents if their waveforms are

different because of different phase angles d3. This result shows that the attracting

current is affected by the shape of the waveform of the current.

7.3.4. Discussion.

This preliminary simulation shows that the current needed to attract the armature to the
core successfully depends on the waveform of the current. However, table 7.1 shows
that the attracting current values for non-sinusoidal waveforms do not differ very much
from the 50 Hz pure sinusoidal waveform. This can lead to the conclusion that although
theoretically the EM IOC relay's tripping current depends on the current waveform, the
difference is negligible, thus Horton and Goldberg's theoretical results (37), i.e that
harmonics do not affect the tripping current of an EM IOC relay at all, can be accepted.
Similarly, references (39) and (48) 's suggestion that EM IOC relays characteristics are
largely independent of harmonics can be accepted. It should be pointed out however, as
described in section 2.5, that although the armature is attracted successfully, it does not

necessarily mean that the relay trips. In the next simulation, where the tripping current
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will be assessed, the simulation results show that different waveforms having a similar
harmonic content may have significant differences in their tripping currents, and this is

supported, as will be seen, by the experimental results.

Waveform

Attracting current (unit)

Sinusoidal, 50 Hz

n=3k3=1/3
Jz3= (09
03 = 90°
d3 = 1800

n=3,k3=1
dz= (9
03 = 900
d3 = 1800

n=>5ks=1/3
ds= (°
ds= 900
ds = 1800

1.0

1.062
0.939
0.917

1.128
0.968
0.929

0.996
1.039
1.094

Table 7.1.

BB was taken as 0.5;

attracting current I.

The attracting current for the fundamental is taken as 1 unit.

The current used was 1= I{sin(wt)+ky sin(nwqt+dp)}

Simulation results of the effect of harmonics on EM IOC relay’s
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7.4, The simulation of an EM 10C relay to evaluate the tripping current

This simulation took into account the ability of the core to hold the armature after it was
successfully attracted. It was assumed that a small vibration, taken as 20 % of X was

permitted. All the equations that govern the armature movement, including the ability of
the core to hold the armature were simulated with an ACSL package program. The

complete program is given in appendix 4.2.

In order to obtain the tripping current I, a similar method to that used previously for

assessing the attracting current was used. Thus the current passing through the relay was
gradually increased until the armature can be attracted and held at the operating position.

Fig.7.4 shows a typical simulation of the armature travel, x. It shows that the armature
moves from the rest position at x = 0 to the operating position at x = X,. Although a

small vibration occurs, it was less than 20% and the contact still closed, i.e the armature
was attracted and sucessfully held at the operating position. The other simulation results

are presented and discussed below.

7.4.1, Effects of frequency

A shaded pole relay was simulated using sinusoidal currents at several frequencies and
the results are shown in Fig.7.5. It can be seen that the tripping current I, was affected

by frequency. As frequency increased, so did the tripping current. At around 150 Hz

however, it started to level off. Firstly, higher frequencies caused a higher induced
current I¢. in the short circuited coil (see Appendix 3) which would increase the tripping

current. On the other hand, at low frequencies the armature followed the pulling force
movement easier than at a higher frequency due to its inertia. As a result, a smaller

tripping current was needed at higher frequencies. It is the combination of these two
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effects that determines the tripping current. The first effect caused increasing I, at the

beginning, however at even higher frequencies, the second effect took place causing I to

level off and decrease.
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The armature is attracted and held successfully. Small vibration causing it to move
towards the stopper occurs but since it is less than 20% X, the contacts is still closed,

NI, = 330.2 A (sinusoidal) , ¢ and B were taken as 0.5, f = 50 Hz

Figure 7.4. A typical simulation result of the armature travel, x.
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Tripping current (unit)

0 100 200 300
Frequency (Hz)

3 and B were taken as 0.5.
The value of tripping current at 50 Hz is taken as 1 unit.

Figure 7.5. Simulation results of the effect of frequency on the tripping current.

7.4.2. Effects of harmonics

In this simulation, a current similar to that described in equation 7.1 was passed through

the relay. ky, and 9, were varied for n = 3 and n = 5 to find out their effect on the tripping

current 1. The results are shown in Fig.7.6.

Firstly, as 9, increased so did the tripping current. At a particular value of dy, the
tripping current increased rapidly before finally decreased again. The variation of the
tripping current due to the phase angle dp was less significant for higher order of

harmonics due to the inertia of the armature. At low order harmonics content, the
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armature can follow the pulling force easier then at higher order harmonics.

To explain the rapid increase in I, see Fig.7.7.a which shows the simulation of the

pulling force Fp for d3 = 1800, k3 = 0.5. The figure shows that within 1 cycle, this force

has 1 high peak and that between 2 peaks, the force is very small compare with the one
shown in Fig.7.7.b. This small pulling force value is unable to hold the armature. Hence

the current should be increased until it is high enough to hold the armature. Fig.7.7.b
shows the simulation of the pulling force Fp for a similar value of current at 03 = 00. It
can be seen it has 2 peaks and that the pulling force never reaches a very small value as
that reached in Fig.7.7.a. Hence, less current is needed at 03 = 00 to hold the armature

successfully.
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(b) Harmonic ordern =5

The current used was i = [{sin(w;t)+ kp sin(nwyt+dp) }.
The tripping current for the fundamental is taken as 1 unit.

Figure 7.6. Simulation results of the effect of harmonics
: on the tripping current of an EM IOC relay
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Figure 7.7.
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Experimental results

WAwane o rnralirmst 1 Q1 M . -

slowing the preliminary simulation results above, a series of direct measurements were
carried out. A 2 Ampere instantaneous overcurrent relay was used. Firstly, the tripping
current for sinusoidal current of various frequencies was obtained. Then the tripping

current of the relay if the fundamental current contains harmonics was obtained.

A signal generator was used in the test to provide sinusoidal waveforms with various
frequencies. The waveform generator built was used to produce a waveform with
controlled harmonic content (See appendix 1). A high power amplifier was coupled to the
generator and the output was connected to the relay and a large resistor. The value of the
resistor was approximately 12 - 15 times the relay impedance. As Marshall (85) pointed
out, this large resistor is needed to keep the current constant, irrespective of the armature
movement and thus it can be regarded as a current source. Note that as the armature
moves towards the core, i.e the operating position, its impedance increases and without a

large resistor in series with the relay, the current will decrease. The test circuit is shown

in Fig.7.8.
Signal or Waveform
Generator
——/—@—— Resistor |—
High :
power ! Relay
amplifier '
Figure 7.8. The test circuit to obtain the EM IOC relay characteristics

103



7.5.1. Effects of frequency

Fig.7.9 shows the variation of tripping current as a function of frequency. The simulation
results are shown together with the experimental results. It was found that the tripping
current increases with frequency as predicted in the simulation. In the experimental
results however, the tripping current increases more rapidly than in the simulation results.
This 1s due to the fact that in the simulation the current was taken as linearly related to the
flux, independent of frequency. As frequency increased the hysteresis losses of the core,
which increased with frequency, reduced the flux which results in the increase of tripping
current. In addition, the relay constants used in the simulation were typical values and the
constants of the relay tested may not be exactly similar with that used in the simulation.
The important point to note is that the simulation results shows that although the losses
are neglected, the tripping current is still affected by frequencies. This means that the
tripping current is not only affected by the r.m.s. values of the current irrespective of the

waveform as suggested by other models as described previously in section 7.1.

1.5.2. Effects of harmonics

The next test was designed to obtain the effect of harmonics on the tripping current of the
relay. In order to demonstrate that it is the current waveform and not merely the r.m.s.

value that affects the tripping current, a waveform similar to that of equation 7.1 was

passed through the relay.
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Tripping current (unit)
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The tripping current at 50 Hz sinusoidal current is taken as 1 unit.

Figure 7.9. Comparison between experimental and simulation results

of the tripping current as a function of frequency.

The test results are shown in Fig.7.10. Third and fifth harmonics (n = 3 and 5) were used

for the test. The graph shows that as d, was changed, so did the tripping current. Since

d, does not affect the r.m.s. nor the ampere-second value of the current but the

waveform, then it is clear from this test that the tripping current depends on the current

waveform as suggested by the simulation results. Itis also important to note that at some
particular values of dy,, the tripping current suddenly increased rapidly, as predicted in the

simulation work, and rigorous collisions between the armature and the core were observed
before the relay tripped. This experimental result suggests that the armature could be
successfully attracted by the core but the core failed to hold it causing a rigorous vibration.

The experimental results in Fig.7.10 also show that higher order harmonics had a less

significant effect on the the variation of tripping current due to the phase angle dy, as was
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predicted in the simulation.

Figure 7.11 shows the experimental results together with the simulation results, showing
similar pattern. As 03 increased so did the tripping current and that at a particular point,

the tripping current increased rapidly before decreased again. The differences between the

simulation and test results are due to the reasons discused in the previous section 7.5.1.
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Figure 7.10. Experimental results of the effect of harmonics on tripping current
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The current used was i = I{sin(a)lt)+ 0.5 sin(nw1t+an) }, n=3
The tripping current for the fundamental is taken as 1 unit.

Figure 7.11. Comparison of experimental and simulation results of the effect of
harmonics on the tripping current

7.6,  Summary

There are several important points that should be stressed here. Firstly, if only the
attracting current is considered, i.e. the vibration of the armature is not taken into

account, the attracting current is largely unaffected by harmonics. Hence Horton and

Goldberg's model (37) can be accepted.

Since in practice it is the tripping current that should be considered, then the vibration of
the armature should be taken into account. Both the simulation and experimental results
showed that the tripping current of the relay was affected by harmonics. Moreover, the
waveform also affected the tripping current, i.e. a current with a particular harmonic

content might or might not affect the tripping current significantly depending on the relay

constants and the waveform. For n = 3 and k3 = 0.5 as shown in the experimental results
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in Fig.7.9.a for example, the tripping current for d3 = 00 did not differ very much with
the sinusoidal waveform. This may lead to the conclusion that harmonics have no
significant effect on the tripping current of the EM IOC relay. On the other hand, for d3 =

1800, the tripping current was affected significantly, around 35%, leading to a
completely different conclusion. Since the current waveform, and not merely the
harmonic content, affect the tripping current then it is clear that superposition cannot be

applied to analyse the tripping current of this relay.

This work thus shows that EM IOC relays which are affected by harmonics in practice,

has been verified theoretically.
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CHAPTER 8. THE BASIC CONSTRUCTION AND OPERATION
OF EM TOCRELAYS

8.1, Introduction

In this chapter, the theoretical reasons why the EM TOC relay can be affected by
harmonics are presented. This is considered important since there are several somewhat
contradictory views about how this relay is affected. An IEEE study (39) stated that an
EM TOC relay using an induction disc as a rotor tends to operate faster if the current
contains harmonics. The reason for this is because the speed of the disc is proportional to
frequency. As a result, harmonics will cause EM TOC relays to have a shorter tripping
time although the relay design may cause it to operate slower. On the other hand, based
on their experiments, Jost et al (40) concluded that in a majority of cases, relays tend to
operate slower, i.e. longer tripping time. A similar view was also expressed by Saramaga
et al (51) based on their experiments on EM TOC relays. Chu et all (52) and Faucet and
Keener (50) 's experimental results showed that harmonics may cause this relay to
operate slower or faster. Unfortunately, the above works do not offer a thorough
theoretical analysis. Saramaga et al (51), Horton and Goldberg (37) and Chu et al (52)
derived the effects of harmonics on the driving torque of EM TOC relays. However, both
Saramaga et al (51) and Horton and Goldberg (37) 's analysis are only limited to the pick
up values of this relay and do not include the operating time, which is very important in
selective overcurrent protection. In addition, Chu et al (52) stated that it 1s impossible to
predict the tripping time of this relay from the the driving torque equations and that the
only way of obtaining the effect of harmonics is by carrying out experiments. In their
analysis however (51,52,37), it was shown that the superposition theory can be applied

to calculate the driving torque produced if the current contains harmonics.

Due to the lack of theoretical background, in this work a similar method to that used

previously to analyse the characteristics of RCCBs and EM IOC relays is used. Thus the
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basic construction and operation of EM TOC relays are studied, then the effect of
harmonics on the tripping mechanism, in this case the disc, is considered. The equations
of the driving torque of an EM TOC relay using an induction disc as a rotor is derived.
The effect of frequencies on the driving torque as well as the effect of harmonics on it are
also studied. Since other works (51, 52, 37) showed that superposition can be applied to
calculate the driving torque then it is important to obtain the effect of frequencies on the
driving torque. In this chapter, only the equations are derived. The simulation and the

experimental results will be given in chapter 9.

8.2, The basic construction of an EM TOC relay

This type of relay is designed for selective overcurrent protection. In this work, the
attention is focussed on an EM TOC relay using an induction disc as the rotor which is
rotated by a steady torque excerted upon it by a C shape pole electromagnet. In the UK,
BS 142 covers this relay, which is referred to as a 'single input energising quantity
measuring relays with dependent specified time'. When the energising quantity, in this
case the current, exceeds the pick up values, the disc starts to rotate. The characteristics
are such that the tripping time decreases if the current passing through the coil around the

core increases.

The basic construction of a shaded pole induction disc type EM TOC relay is shown in
Fig.8.1, where it can be seen that a part of the pole is shaded. It operates on the principle
of the shaded pole motor. The flux from both the shaded and unshaded parts of the pole
will produce an induced current in the disc, usually made of aluminium. The reaction of
the fluxes and the induced currents will produce a steady driving torque that rotates the
disc and at a particular position, the disc will actuate a switch. The disc movement is
restrained by an adjustable spring, the torque which must be overcome before rotary
motion can begin. Thus the spring will keep the disc at the rest position and also bring

back the disc from the operating position to the rest position when the fault has been
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cleared. The disc is shaped so that as it rotates, the driving torque increases and offsets

the changing restraining torque of the return spring. The damping of the disc rotation is

provided by a permanent magnet.

Spring restraint

/ | core )
) 1

1]

A

I~

axis
dis _
coll
shorted coil
N
N
3
Figure 8.1. The basic construction of an EM TOC relay.

To vary the current setting of the relay, several current taps are provided. Selection of the
current setting is carried out by using a plug setting bridge which has a single insulated
plugs. The relay tripping time can be ajusted by moving the disc backstop which is
controlled by rotating a wheel at the base of a graduated time multiplier scale. It is

normally refered as the Time Multiplier Setting (TMS).
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Depending on their characteristics, EM TOC relays are divided into several types such as

inverse, very inverse, extremely inverse and IDMT. In this work, an IDMT relay was
used in the laboratory work. The complete derivation of the driving torque T4 has been

derived by Warrington (43) and also Horton and Goldberg (37), but is also given in

appendix 5. The tripping time characteristic for a pure sinusoidal current has been

discussed in detail by Warrington (43).

Thus it is the driving torque Ty that actuates the tripping mechanism, i.e the disc, and

trips the relay and acts as the tripping parameter. The theoretical assessment of how the

EM TOC relays are affected by harmonics will then be confined to how harmonics affect

T4 and the disc.

8.3, The driving torque equations

As shown by Horton and Goldberg (37), for a pure sinusoidal current, provided the flux
is linearly related to the current, the driving torque produced by a C shaped electromagnet

with a shaded pole as shown in Fig.8.1 is :

T(I,) n sin(Bp)
Tgp = --m-emmmmmeemmemmmeemes e (8.1)

[1+ (o/5)202]%3 [1+ (ko (1+ays)2 n2]0

where T(I,,) and B3, are constants :

T, = 2KN2I2kwq/S? (8.2)

nak 0)1/5
 SNUREE (8.3)

1+ {(kop2(1+an2}/s2
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It can be seen from the above equations that the torque has a steady value. Assuming that

the EM TOC is a linear system as proposed by Horton and Goldberg (37), Chu et al (52)

and Saramaga et al (51), the driving torque Tgq if the current contains harmonics can be

derived as follows :

i = i (8.4)
n=1]

V2 1 sin (n 1t +0dp)

—-
=]
|

dy is the angle of the harmonics current with respect to the fundamental current i]. The

driving torque Tgq is the sum of all the torques produced by each sinusoidal current

waveform, hence :

Tq = szn 8.5)
n=1

It follows that if the harmonic content of a current waveform and the relay constants are

known, the pick up or the starting current of the relay for that particular current can be

calculated.

8.4, Theoretical description of EM TOC relay characteristics

8 4.1. The use of curve fitting methods to obtain relay constants

The above work is extended so that it can be used to obtain relay constants through a
simple test and to predict relay characteristics for any frequencies as well as for any shape

of the waveform. To do that, equation (8.1) can be rearranged :
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Tdn = -
........... (8.6) -
1+ n2C12 + n2C22 + n4C12C72

where :

Cq k(Dl/R

) =kw(l+a)/$S

CT =2KN2kaw/S2

The starting current at any frequency should produce the same torque Tdp, since it is the
torque which is needed to overcome the restraining force of the spring at the beginning of
the movement. Taking the starting current for the nth harmonic as Istn, then from

equation (8.6) it can be derived that :

----- e (8.7)

From equation (8.7), if the starting current of the relay at the fundamental and several

other frequencies is known, the constants Cy and Cy can be found. To achieve this,

equation (8.7) can be rearranged as :

y = A]+Apx+A3x2 (8.8)
where :
X =n2
A = 1/(1+C1 24Cp2+C12Cy2)

Ay = (C12+C22)/(1+C12+C22+C12C22)
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Az = (012022)/(1+c12+c22+cl2cz2)

y =( IStnz/Istl2 ) n2

Equation (8.8) can then be solved using curve fitting methods. Ay, Aj and A3 can be

found, followed by the calculation of C1 and C;. The derivation is given in appendix 6.

8.4.2. The equations that govern the disc movements

Equation (8.6) shows that when the current is increased, the driving torque increases and

at a particular value the disc will start to rotate. The driving torque T4 which causes the
disc to rotate will be opposed by the spring torque T and the braking torque T}, caused

by the flux of the permanent magnet, @y, the flux produced by the current, Qi,j’ and
friction. Note that due to the fluxes and the rotation of the disc, the flux produced by the
current, Qi,j» will produce the flux braking torque, which is a self braking torque. The

complete derivation of the braking torques is given in appendix 7.

Spring torque :
Ty = To+Kgxp (8.9)
To offset the increasing torque of the spring due to angular displacement xa, the relay

disc is shaped so that as it rotates, the driving torque increases (78, 79). Thus in equation

8.9, the constant K¢ can be neglected.

Permanent magnet braking torque

The braking torques produced by flux @i,j :
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Thi2 = Kb i2 Bin2 dxy/dt

—
N
|

i = Toi1r+Tphi2 (8.11)

Friction Braking Torque :
Tht = Kp,f dxg/dt (8.12)

In order to get a negligible friction, a good bearing can be employed.

Hence, the total Breaking Torque is :

To = Topm+Thi+Tht

(Kp,pm + Kb f +Kp i1 D112 + Kp i2 Bi22) dxp/dt (8.13)

The movement of the disc is then governed by :

Tq-Tp-Ts = my d2xy/di2 (8.14)

8.4.3. Effect of frequency

As Saramaga (51) pointed out most of the braking torque is provided by the permanent

magnet, thus equation (8.13) can be simplified as :
Tp = Kypdxg/dt (8.15)

where Ky, is the breaking constant. This simplification is supported, as will be seen later,

by experimental results.

Equation (8.14) and (8.15) imply that although the time-current characteristics of EM

TOC relays may be different for different frequencies, a similar torque is needed if the

relay has similar tripping times at different frequencies. Consequently, the current I at
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frequency nw; needed to produce the same tripping time as that of Ty is :

, L+n2C12 + 0202 + niC 2052
= 2 .......... e I;2 (8.16)
n% (1+C12+ 2 +C 12052

Thus, if C1, Cp and the time-current characteristic at the fundamental frequency are

known, the characteristics at other frequencies can be found.

8.4.4. Effect of harmonics

Since the EM TOC relay can be regarded as a linear system, i.e superposition method can
be used to calculate the driving torque, then the driving torque if the current contains
harmonics is the sum of all the driving torques produced by each sinusoidal component
of the waveform. Thus for a waveform which has a particular harmonic content, the

driving torque will have a particular value, regardless of the waveform being applied.

To asses the driving torque for non-sinusoidal waveforms, combine equations (8.5) and

(8.6) to obtain :

(8.17)

—
Q.

It

Q
—
=

)

),

=

where :

DT G — (8.18)
1+ n2C12 + n2C22 + n4C12C22

It can be seen that the value of the driving torque is determined by the r.m.s. value of
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each sinusoidal component of the current waveform, I,

Thus it can be concluded that if a current of say :

i = V2Iysin (0 +V2I3sin (3 w1t +93)
is passed through the EM TOC relay, the value of 03 does not affect the tripping time of

the relay, which is only affected by Iy and I3. It should also be stressed, that this

conclusion is correct even if the braking torques produced by the current fluxes are taken

into account.

Since a known driving torque T4 should have a known tripping time, then equations
(8.17) and (8.18) imply that if the constants C1 and C are known as well as the
harmonic content, the value of any current waveform I which has similar T4, and hence

similar tripping time with Iy, can be found.

This is carried out by equating the driving torques that produce the same tripping times :

o0

212D, = 112Dy (8.19)
n=1

The r.m.s. value of any current I which has the same tripping time as I can thus be

calculated.

From the above discussion, it can be concluded that the tripping time characteristics of an

EM TOC relay can be found if the relay's constants and its characteristics at the

fundamental frequency are known.
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8.5,  Summary

In this chapter the driving torque equations are developed and extended so that the effect
of harmonics on the torque can be obtained. A simple method to obtain the relay
constants by using a curve fitting method is also developed. However, the effect of
harmonics calculation is based on the assumption that superposition theory to calculate
the driving torque can be applied or only produce a negligible error and that the current
and the flux is linearly related as suggested by other works (37,51,52), The important
point to note is that unlike other models described in section 8.1., the effect of frequency

and harmonics on the relay characteristics can be predicted with the help of the theory

developed in this work.
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CHAPTER 9.  SIMULATION AND EXPERIMENTAL RESULTS OF
THE EFFECT OF HARMONICS ON THE
CHARACTERISTICS OF AN EM TOC RELAY

9.1, Introduction

In this chapter, the experimental results of the effect of harmonics on the operation of an
EM TOC relay are presented. Firstly, the starting current of the relay for various
frequencies was obtained in order to calculate the relay’'s constants according to the
method developed in section 8.3. Then the tripping time for sinusoidal current at various
frequencies was obtained and compared with the theoretical calculation. Then finally, the
effect of harmonics on the tripping current was obtained. The main reason for studying
the characteristics of the relay at various frequencies is to verify the theory to obtain the
tripping time as described in section 8.4.3. In addition, as described in section 8.1, there

was some contradictory views as to how frequency affects the relay characteristics.

To venify whether superposition theory can be applied, a current with a particular
harmonic content, in this case a waveform which contains 10% 3™ harmonic, was
passed through the relay and the waveform was varied by varying the phase angle of the
harmonic. The current was kept low, approximately 20% above the pick up value. If the
superposition theory can be applied, then the variation of tripping time due to the
variation of phase angle should be negligible. It was found that a large variation, around
35%, was obtained. It was then decided that the suggestion of calculating the driving

torque using the superposition method (37,51,52) seems to be unacceptable, and that

non-linearity needs to be taken into account.

The theoretical work is then extended to cover the non-linearity. The driving torque is

derived without the use of the superposition method. In addition, the non-linearity of the

core is also taken into account. The simulation of the effect of harmonics on the tripping
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ume was carried out on a computer and the results was compared with the experimental

results.

9.2, Experimental results

9.2.1. Calculation of relay constants

A series of experiments were carried out to verify the theoretical work. A particular type
of EM TOC relay using an induction disc as the rotor, in this case an inverse definite
minimum time (IDMT) overcurrent relay was used in the test. Firstly, the time current
characteristic of the relay was plotted for the fundamental frequency, the result is shown
in Fig.9.1. Note, the higher the current, the shorter was the tripping time. Initially, the
tripping time fell linearly with current but as the current was further increased, saturation

of the core took place and the curve began to level off.

The next test was designed to obtain the starting current of the relay for sinusoidal current
of several frequencies in order to calculate the relay constants. For a particular frequency,
the current was increased gradually and the starting current, 1.e the current able to start the
rotation of the disc, was measured. The results are shown in table 9.1. The table shows

that as frequency was increased, the starting current decreased but then it increased again.
To find out Cq and Cp, equation (8.8) was used followed by a curve fitting computation.

A program to carry out the curve fitting was developed and is shown in appendix 8. In
this program, the Chebyshef Polynomial constants were found using a subroutine
provided by NAG ADFEX, a library routine available as described in reference (68). A

brief review of curve fitting methods using the Chebyshef polynomial as well as the

complete calculation is also included in appendix 8.
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TMS : Time Multiplier Setting

The setting value of the relay was 1 A.

Figure 9.1.

The EM TOC relay characteristic for fundamental frequency.

Frequencies (Hz) Starting Current (A)

50 1.12

100 1.01

150 1.10

200 1.23

250 1.39

300 1.58

350 1.87

TMS (Time Multiplier Setting) was set at 0.5

The current setting was 1 A.

Table 9.1.

Starting current at various frequencies for a typical EM TOC relay
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The values of A, A2 and A3 can then be calculated followed by C; and Cs. From the

above computation, it was found that

Ci  =03113
Cy  =09799

Since the constants are already known, then the prediction of the effect of frequency on

the tripping characteristics may be carried out.

9,2.3, Effectof frequency

Fig.9.2 shows the tripping time characteristics of the relay for sinusoidal waveform of
various frequencies, both experimentally and theoretically. The theoretical predictions
were made using equation (8.16). The figure shows that the theoretical results are very
close to the experimental results for low values of overcurrent. At higher values, where
saturation takes place, the flux can no longer be assumed to be linearly related to the
current and discrepancies between the test and theoretical results become apparent.
However, up to approximately 2.0 A, i.e 100 % above the rated current, the theoretical

results are still very close to the test results.

It should be pointed out however, that as shown in Fig.9.2, as frequency was increased,
it did not necessarily mean that the disc would rotate faster resulting in a shorter tripping
time as predicted theoretically by other studies (39). The tripping time for other
frequencies can be higher or lower as shown by the experimental and theoretical
(calculated) results. As shown in the theoretical description in section 8.2, the driving

torque, and thus the tripping time depends very much on both the frequency of the

current and the relay constants.
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Comparison between experimental (exp.) and theoretical (the.) results

of EM TOC relay characteristcs at various frequencies.
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9.2.4. Effects of harmonics

This test was designed to obtain the effect of harmonics on the tripping time of the relay.

As discussed, the tripping time should only be affected by the harmonics content of the

current. A current of :

i1,3 = I{sin (o) +k3sin(3 Wy t+093))
was passed through the relay and k3 was varied. 11 3, the r.m.s. value of 11 3, was kept
low at 1.2 A to avoid saturation of the core. d3 was varied from 0° to 3600, and the
ripping time was measured. The results are shown in Fig.9.3.a, they show that the
mipping time is greatly affected by d3. While the tripping time of the relay at the
fundamental frequency of 1.2 A was 24.3 seconds, the value for I 3 varied from 19 to

32 seconds for k3 = 0.1. For a higher harmonic content, e.g for k3 = 0.2, the variation

was even larger, varying from 15 to 60 seconds. For a higher current, the variation was

smaller as shown in Fig.9.3.b.

The above test suggests that the tripping time of the EM TOC relay is greatly affected by
the current waveform especially at lower overcurrent values. It also implies that the
driving torque is also dependent upon the current waveform. Additionally, this result
shows that the relay should not be assumed to be a linear system since the discrepancies

obtained from the test are quite significant even though the test was carried out at low

current (1.2 A) and low harmonic content (k3 =0.1).

To analyse the effect of current waveform on the wipping time, the theoretical work is

extended further.
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Figure 9.3. The effect of harmonics on the Tipping time of an EM TOC relay.
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9.3 Extension of the theoretical work concerning non-linearity

As described previously in chapter 8, the two assumptions made concerning linearity are :

a. The system is assumed to be a linear system, 1.e. superposition can be applied to
calculate the driving torque, resulting in equations (8.4) and (8.5).

b. The flux is assumed to be linearly related to current, resulting in equation (8.1).

Since the experimental results show that even a small harmonic content may affect the

tripping time significantly, the above assumptions will be considered further in the next

section.

9.3.1. The use of superposition method

Firstly the system will not be regarded as a linear system and thus superposition method
to calculate the driving torque will not be used. The derivation of the driving torque
should take into account the interaction between all flux and induced current in the disc.
Appendix 9 shows this derivation. It was found that the driving torque was not a steady
torque. A current which contains a third harmonic component will have a driving torque

of :

Tg13 = Tp+Tysin(Qyt+doT) + Ty sin (4 0yt +d47) 9.1)

The constants T1, T2, T4, )T, and d4T depend not only on the relay design, but also on
the phase angle between the third harmonic and the fundamental. If it is regarded as a

linear system, then the last two terms in equation (9.1) disappear and :

9.2
Ta13 =T, 62

It has to be pointed out that although the driving torque is not a steady torque as described
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by equation (9.1), it is a periodic waveform which consists of a constant value Ty, and

two sinusoidal torques with frequency 2w} and 4w;. Since the tripping time of an EM

TOC relay is in the order of tens of seconds, the sinusoidal torque with the frequencies

indicated should have no effect on the disc since it will only see the average of the driving

torque, i.e. T1. Thus this first effect should not affect the tripping time of the relay.

932, Non-linearity of the core

At low current and due to the large air gap, the B-H curve of the core is considered to be
linear and thus the current was assumed to be linearly related to the flux. However, a
degree of non-linearity may exist. A model was set up to show how this non-linearity
may cause a significant change in the tipping time. Non-linearity in the core of the IDMT
relay used in the experimental work may cause a slight distortion in the flux waveform,
1.e the flux waveform is not exactly the same shape as that of the current. There are
several methods for evaluating the non linear properties of a core (44,45), although few
gave much attention to the waveform distortion itself. One of the models, developed by

Emmanuel and Chandra (46), showed how flux waveform can be constructed from the

current waveform.

In this work, the model is based on the simplified version developed in reference (46).

The following assumptions were made :

a. The hysteresis loss is neglected, since in this work, the hysteresis does not affect the

tripping time differences caused by dp.

b. The B-H curve is taken as a series of straight lines as shown in Fig.9.4.
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Figure 9.4. The B-H characteristic

9.2.3. Model analysis using a typical EM TOC relay

An exercise was carried out using the constants of the IDMT relay used in the
experimental work which has been obtained in section 9.2.1. Firstly the distortion of the
fundamental sinusoidal current waveform due to the non-linear effects of the core must be
found. To simplify the calculation, instead of evaluating the distorted flux waveform, the
flux is taken as being linearly related to the current and thus the driving torque equation as
expressed by equation 8.1 is still valid. However, to include the non-linearity of the B-H
curve, the current waveform is distorted in a similar way to the flux. To do this, the B-H
curve in Fig.9.4 is changed appropriately, i.e. the slope 1 is taken as 1.0. Thus in this
model analysis, the x axis in Fig.9.4 represents the undistorted current and the y axis

represents the distorted current waveform due to the non-linearity of the B-H curve of the

core.

For this exercise, the non-linear characteristics of the core were assumed to be ;

- linear up to the setting current of the relay, i.e 1 A r.m.s. Thus the instantaneous

current waveform up to a value of 1¥2 A is not distorted, thus slope 1 in Fig.9.4 is
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taken as 1.0 up to 1V2.

- Above IN2 A, a slope of 0.8 is taken for slope 2.

Refer to Fig.9.4 for slopes 1 and 2. Due 10 this non-linearity,

the current waveform will

be slightly distorted. The distortion however is affected by the phase angle between the

harmonic and the fundamental as will be discussed later when describing Fig.9.6.

To obrtain the effect of harmonics, several features must be considered. Firstly, the
distorted waveform produced as a result of the interaction of the sinusoidal waveform and
the non-linearity should be found. The distorted current waveform is then analysed using

the 24 ordinate method (62) which gives the fundamental and harmonics of the distorted
current waveform. The driving torque Ty produced by the distorted current waveform

can be found using equations (8.5) and (8.6).

Since Cy and Cy can be found using the curve fitting method for the starting current, the

value of driving torque Ty can be expressed in per unit of CT, the results are given in

Fig.9.5. The tripping time as a function of current for the test results is also shown. Thus
at this stage, the relationship between the current, the driving torque and the tripping time

has already been obtained.

The next step is to evaluate the tripping time for a non-sinusoidal current waveform. The
method is similar to that for a sinusoidal waveform. Firstly, the distorted waveform

produced by a non-sinusoidal current due to the non linearity of the core is found. Then
as shown above, the driving torque T4 can be found and expressed in terms of CT. Since

a known driving torque produces a known tripping time, then by referring to Fig.9.5, the

tripping time of any current waveform can be obtained.
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Figure 9.5. Tripping-time, current and driving torque relationship.

Calculated values of C1 and Cp : C1 = 0.3113; Cp = 0.9799

As an exercise, a current of ;i =1 {sin (w{0) + k3 sin (3wt +03)} was used which is

similar to that used in the previous laboratory test. The current i was keptat 1.2 A, i.e. [

(peak) = 1.69. As in the experiment, d3 was varied from O to 360 deg. and k3 was also
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varied. The rated current of the relay was taken as | Amp. The program to compute the

flux waveform distortions is given in Appendix 10,

Fig.9.6 shows the current waveforms, with and without distortion. The figure shows
that at 93 = 0°, the waveform is almost undistorted, while for 03 = 180°, a slight

distortion is present. The distortion is so small that it may lead to the conclusion that the

tripping time will not be affected, although the simulation and experimental results show

that this 1s not true.

Fig.9.7 shows the results of the driving torque and the tripping time variation
calculations. This figure shows that a small non-linearity, in this case taken as a 20%

drop of slope 2 w.r.t slope 1, may cause a large variation of tripping time due to the
variation of phase angle d3. In addition, the tripping time for a pure sinusoidal current
lies between the maximum and minimum tripping times of the non-sinusoidal current if
d3 is varied. This theoretical analysis shows a similar pattern and accords well with the

experimental results. The simulation results also show that the effect of waveform is less

significant for higher overcurrent values.
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Figure 9.6. The effect of 03 on current waveforms.
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Figure 9.8. shows the experimental results together with the simulation results. It can be
seen that both curves follow a similar pattern, i.e it increases as d3 increases from 0° to
approximately 1800 and then decreases. The tripping time of the fundamental also lies
between the maximum and minimum values of the curves. The difference due to the

assumption taken for the non-linearity of the core and that the losses, which are

frequency dependent, is neglected in the simulation.

40
] )
— ¢ g simulation
e 30 2 e experimental
2 ® e
= a
= E m . . .
50 pa— o @ g9 p = Tripping time
=
8 _T ¢ for fundamental
& 20 oy
=
=~
10 ¥ T
0 200 400

) ] (deg. electrical)

The current used was i = 1.69 { sin (®t) + 0.1 sin 3 0yt + d3)}

Figure 9.8. Comparison between simulation and experimental results of

the effect of harmonics on the tripping time.

The important point to note here is that a small non-linearity of the core, taken in the

simulation as a 20% drop in the second slope w.r.t slope 1, may cause significant

differences in the tripping time. This is caused by the characteristics of the relay. As

shown in Fig.9.5, a small difference in the driving torque in the low overcurrent region

may cause significant differences in the tripping time. Thus the combination of a small

non-linearity which causes a slight distortion and a small difference in the driving torque
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may cause a large difference in the tripping time especially in the low overcurrent region.

This is very important since EM TOC relays such as the IDMT relay used in the test, are

used for selective protection, hence the tripping time characteristic plays an important

role.

9.3, mma

There are several important points that should be stressed here. First of all both the
simulation and experimental results show that the tripping time characteristics of the relay
for sinusoidal waveforms varies with frequencies. The tripping time can be lower or

higher depending on the relay constants.

Concerning the effect of harmonics then it should be stressed that a particular harmonic
content may or may not affect the tripping time of the relay significantly. Furthermore,
the effect can be either to increase or decrease the relay tripping time. It depends on the
relay constants, current waveform and non-linearity of the core. The experimental results

in Fig.9.3.a shows for example, that a current which contains 31d harmonic may have

lower tripping time compared with the tripping time of the fundamental current for 93
between 3000 to 3600 and 0° to 300. For d3 around 600 and 2700, the tripping time is
similar with the tripping time of the fundamental current, while for d3 between 900 and

2400 it is higher.

This work thus shows that the tripping time of the relay, which is practically affected by

harmonics and frequencies, can be verified theoretically.
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CHAPTER 10. CONCLUSION, DISCUSSION AND FURTHER WORK

10.1.  Contributions of this work

The major thrust of this work on RCCB and protection relays relates to the way those
relays should be analysed to assess the effect of harmonics on their performance. This

leads to the theoretical explanation of the effect of harmonics on their characteristics

which is not explained satisfactorily elsewhere.

While it has been known that harmonics may affect the tripping current of EM IOC relays
in practice, other models as described in section 6.1 showed that theoretically, harmonics
should have no effect at all as long as the current and the flux are linearly related. This
work shows, that although that assumption is made, theoretically harmonics still affect
the tripping current of EM IOC relay. The effect depends on the relay constants and the
current waveforms. It has been shown, both theoretically and experimentally, that a
current with a particular harmonic content may or may not affect the tripping current,
depending on the current waveform. This work thus shows that EM I0C relays, which

are affected by harmonics in practice, can be verified theoretically.

As described in section 8.1, while it was suggested by other work that the tripping time
of EM TOC relays for a current which contain higher harmonic frequencies tends to be
higher then their tripping time for fundamental, other experimental results showed that it
is not always the case. This work offers theoretical explanation as to why the tripping
time at various frequencies can be lower or higher than the tripping time for the
also gives a theoretical explanation as to why the tripping time

fundamental. This work

for a current with a particular harmonic content may have lower, similar or higher

ripping time compared with that of the fundamental as shown in the experimental results.

The characteristics depend on the relay constants, current waveform and the non-linearity

of the B-H curve of the core.
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It has also been shown that harmonics affect the tripping current of RCCBs. The effect
depends on RCCB constants and the current waveforms and thus a current with a
particular harmonic content may have a different mpping current due to a different
waveform. This work also relates the effect of harmonics on RCCBs and the human
body. It is shown that effectiveness of RCCBs in protecting people against electrocution,
especially ventricular fibrillation which is the cause of death, still has to be studied since

the effect of harmonics on ventricular fibrillation is not clear.

It has been shown that the shape of the waveform and relay constants have a significant
influence on the way harmonics affect RCCBs and protection relays. Thus in assessing
the effect of harmonics, not only the harmonic content, but also the shape of the
waveform should be known. The method developed provides a useful tool and the basic

methodology to analyse the effects of harmonics on the relays in general.

In addidon to the conclusion above, it is important to mention the various conclusions
obtained for each piece of protection equipment studied. Concemning the RCCB, it can be

concluded that :

1. A fault, introduced only once at a random fault angle (wty) and at no load condition

for sinusoidal residual current, will rarely measure the maximum total tripping time
which can be encountered in practise.

2. Ifrandom tests are performed to obtain the maximum total tripping time of a RCCB
for a sinusoidal waveform with a 2 ms interval resolution, the random test should
be repeated 30 times, where one can expect to hit the maximum tripping time at least
once with 95 % confidence. In addition, the maximum value should be taken as the
RCCB tripping time and not the average.

3. A longer total tripping time, in excess of the standard limit, may be obtained in

electronic RCCBs if they are switched onto a standing fault.
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4. Harmonics affect the tripping current of RCCBs. The effect depends on the

waveform of the residual current and the RCCB constants, and not merely on the

r.m.s. value of the harmonics content.

Concerning the two protection relays studied, it can be concluded that :

1. The main characteristics of EM IOC and EM TOC relays are affected by harmonics
and determined by both the waveform and relay constants and not merely by the
r.m.s. or Ampere second values of the current. Thus two waveforms having the same
harmonic content may have completely different characteristics due to different phase
angles.

2. Relay characteristics are a function of frequency but do not represent how the relay

will behave if the sinusoidal currents at given frequencies are summated.

10.2, Implications of this work

The results of this study has several implications on other areas which need to be taken

into account, i.e.:

10.2.1. If a testing standard which includes harmonics is to be published, then the
waveform of the current should be taken into consideration, and not merely the
harmonic content.

10.2.2. In the measurement of harmonics, information concerning the waveform such
as the phase angle between each harmonic and the fundamental (dp), should

also be taken into account.
10.2.3. The above findings also imply that the work conceming the effect of harmonics

on CTs should also consider the waveform distortion.

10.3.  Suggestions for further works

10.3.1. The study of the behaviour of RCCBs and protection relays due to non-periodic
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10.3.2.

10.3.3.

10.3.4.

waveforms, such as inrush current, surge, etc. This is considered an important
area since these types of waveform are present in the supply.

Since the trend today is towards the use of electronic protection relays, both
digital and analog, the method developed here should be applied to such relays
to assess how appropriate it is in such an application. Fuller et al 's test results
(49) on electronic relays shows that they are also affected by harmonics.

It seems that RCCB circuits, especially the CBT deserves more investigation
into their behaviour in response to a sinusoidal waveform since in some tests,
the RCCB fails to react to the fault the first time the residual current exceeds the
threshold value.

Since RCCB and relay constants significantly affect the performance of these

devices, these constants deserves more measurement and study.
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APPENDIX 1. THE WAVE FORM GENERATOR FOR RELAY TESTING

In order to test the tripping current of protection relays and RCCBs for non-sinusoidal
waveforms, a current source with controlled harmonic content was designed.

A.1.1., The block diagram

Basically, the generator is as shown below. It consists of a software package (S1) written
in BASIC, which produces a set of digital signals which represents the required
waveform. Another package S2 (written in machine language) is used to read and send
the data to the output terminal of the computer. This digital data is then converted to an
analog signal. Since the data is to represent a periodic waveform, it can be read
repetitively, thus producing a continuous voltage output. The analog output can then be
amplified, passed through the relay in series with a large’ resistor (compared with the
relay impedance) to produce a current source. Fig.A.1.1 shows the block diagram.

A.l.2, Measurements and frequency analysis results

Before the waveform generator is used for the experiment, the waveform was analysed
using a frequency analyser. The pictures below show some measurement results. Digital
data are produced every 0.5 deg or every 27us (for a 50 Hz sinusoidal waveform),
giving a smooth 50 Hz sinusoidal waveform as shown in Fig. A.1.2.

Figures A.1.3.a shows a waveform which contain 50% third harmonic, and figure
A.1.3.b shows the frequency analysis.

All the figures show that the waveform output is acceptable since the unwanted harmonic
content is at least 40 dB below the expected output.
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52 the output terminal

Figure A.1.1.  Block diagram of the waveform generator
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Figure A.1.2. Pure 50 Hz sinusoidal output of the waveform generator
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(b) The frequency analysis

Figure A.1.3.  Output of the generator with 50% third harmonic content
(w.r.t. the total r.m.s. content)
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APPENDIX 2. PROGRAM FOR RCCBs CHARACTERISTICS COMPUTATION

A2.1, RMS. calculation prosram

Flow chart Diagram :

( START )
R ——
READ : In ran o £, T=0.02

l

i =231 sin (2nft + ap, )

IRMS = 1/T {Fiz 03
0

PRINT : IRMS

( STOP )

Program is kept under : 'EX10.CSL'
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A2.2, Computation of RCCB tripping current
Flow chart Diagram :

Csrarz_ )

READ
The current waveform In /0 ,
The RCCB freqg.response : Gp

The RMS value of RCCB tripping current

at 50 Hz sinusoidal : IoA

l

The RCCB threshold

ct
1
o

Finding the peak value of the
tripping parameter:

t =t + At

yes

X=X G, I SIN('anti-a n )

no
=2 Xm > X
yes
Xm = X

At

PRINT The tripping current is

i=1Ip ( X1, SIN(2n’ft+an)}

( STOP )

Program is kept under : 'RCCB.BAS'
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APPENDIX 3. DERIVATION OF ALL EQUATIONS THAT GOVERN THE
RELAY ARMATURE MOVEMENT

A.3.1. The similarity between the hinged and atracted armature types of EM I10C relays

Refer to the attracted armature type EM IOC relay in Fig.A.3.1, the air gap reluctance is :
Sg = 2(Xo/2)/ (o) = Xo/ (ug a) (A.3.1)

g
o

Since X4 may vary with time as the armature 1s attracted while |1, and a are constant,
then X, may be replaced with (Xo-x), where x/2 is the armature travel. Hence

Sg = (Xox)/(Hga) (A.3.2)

Now refer to the hinged armature type EM IOC relay in Fig.A.3.2, for a length of d, the
air gap reluctance is :

ng = X /(Lo wdz) (A.3.3)

the air gap permeance is :

dPg =Uo W dz/x (A.3.4)

From Fig.A.3.2, it can be found that :
X = (Xo/Z4) z (A.3.5)

The substitution of (A.3.4) to (A.3.3) gives an air gap permeance of :

dPy = Low(Z4/X,) (d2/2) (A.3.6)

Alr gap permeance for area a3y is :

4
Pg34 = / dPg
3

=HoW(Z4/Xy) In(24/23) (A.3.7)
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Figure A3.1.  Anawracted armature type EM IOC relay.
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Figure A.3.2. A hinged armature type EM IOC relay showing the armature axis
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The air gap reluctance for area azq1s:

Ho W Z4 1n(Z4/Z3)

Multiply (A.3.8) by ( 2423/ 74-73 ) gives :

Xo (Z4-Z3)
Sg34 ittt
HoW(Z24-Z3) Z41n (Z4 /Z3)
Zgln (24 /Z3)
Taking k34 = ~-memeeemeee .
Z4- Z3
since  azq = w (Z4-Z3), then (A.3.9) can be rewritten as :
Sg34 = Xo/(Hpazgkig)

Similarly, for an air gap area a|», the reluctance is :

Sg12 = Xo/(Hgarn ko)

The total air gap reluctance is :

Sg = (Xo/Hg) (==m=mmmm- F e )
ajp k1o asgkig

Taking a' as the effective area where

ajpkip  azgkag

then the total air gap reluctance can be expressed as :

Sg = Xo/(Ho2a)

(A.3.8)

(A.3.9)

(A.3.10)

(A3.11)

(A.3.12)

(A.3.13)

(A.3.14)

(A.3.15)

Since |15 and a' are constants determined by the relay design while Xo may vary as the
armature is attracted toward the core, X, may be replaced with (Xo-x) where x is the

armature travel. Then (A.3.15) can be expressed as :
Sog = (Xox)/(Kpa)

o

NB: a' is the effective air gap area.
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Since (A.3.2) and (A.3.16) are similar, it follows that both hinged and attracted armature

type EM IOC relays can be treated in the same way.

A.3.2. Armmature movement of an unshaded tvpe EM IOC relay

Refer to Fig.A.3.3. The air gap has a constant permeability |1y, and the energy in itis :

(1/2) J.B.H dv
vol.

W

(1/2)J (B2/Ho) (adx)

vol.

(A.3.17)

This energy will appear as a mechanical work, i.e the attraction of the armature by a

pulling force Fop.

Equanng the last two equations, we obtain :

Fp = (1/2)(B2/p)a
= 8%/ (2ppa)
since Qg =B.a

armature
holder stopper

dx £ Volume: a.dx

\ area a

core

M coil

Figure A.3.3. A hinged armature type EM IOC relay showing the core area
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From Fig.6.2, redrawn here as Fig.A.3.4, the total reluctance is :

Stot = Sg + =mmmmmemmaeee (A.3.20)
= S¢+ Slog (A.3.21)
by taking :
S1(Sp+Se)
Slog O (A.3.22)

Hence, the total flux generated by an ampere turn of Ni is :

Oc = Ni /(Sc+Sjog) (A.3.23)

where S|, S¢ and S, are determined by the relay design, while the air gap reluctance S()' can
be calculated by using equation (A.3.2) or (A.3.16).

The air gap flux can then be derived as :

By = eeemeememenes B (A.3.24)

Figure A.3.4.  The magnetic circuit of a relay.

Knowing (Z) the pulling force Fp, can be derived by using (A.3.19). The restraining
forces con51sts of the spring force Fg and the friction force Fy, where :
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Fs = Fo+Kgx (A.3.25)

Fr = K dx/dt (A.3.26)

Total force F will determine the armarure movement according to :

F = mdxde (A.327)

Since F = Fp - Fg - Ff, it follows that the armature movement is governed by :

Fp-Fg-Fr = mdxdt (A.3.28)

A.1.3. Armature movement of a shaded relay

Suppose a part of the relay is shaded as shown in Fig.A.3.5. ay is the unshaded area while
ap is the shaded area. Taking @1 as the flux in the unshaded pole and B¢2 as the flux in ,fF
the shaded area, then @] and @ will produce air gap flux @Dg1 and D) respectively. All I
reluctances in conjunction with @¢1 and @) are Syj, S, Sgix Sois Slogi and Syqyj. Index i

can be either 1 or 2.

/ * unshaded pole
P
// * shaded pole
\

[ short circuited
coil

Figure A.3.5. A shaded pole of a relay.

Since an induced current igc flows through the short circuited coil, then by taking

i=(V21) sin (;1), we obtain :

Bop = woomermeeeeeee (A.3.29)
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®C2 e e T T U

where :

=] 0] G5 D2
Combining (A.3.30) and (A.3.31), we obtain :
Ni = {(Scp + Slog2) +j 01 Gs} Bc2

in vectorial form :

Ni = [{(Sc2+slog2)2 + () Gs)z}o's tan"! {(@; Gy)/ (Sc2+S10g2 )}]@c?_

Equations (A.3.29) and (A.3.33) can be rewritten as :

N (V2 1) sin @t

@Cl = memeem e
Sc1 + Stogl
N (V2 1) sin (@t +Y)
@CZ = eemsem e e e
((S2+S10g2)2 + (@1 Gg)2)0->
where :
¥ = -tan L s
Sc2+S10g2

(A.3.30)

(A.3.31)

(A.3.32)

(A.3.33)

(A.3.34)

(A.3.35)

(A.3.36)

Knowing @1 and @), the related Bg1 and Dg) can be calculated using (A.3.24). The

pulling forces Fp1 and Fpj can be found from (A.3.19). Since ;

(A.3.37)

it follows that the armature movement can then be analysed from equation (A.3.28).
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APPENDIX 4. SIMULATION OF THE RELAY ARMATURE MOVEMENT

A.4.l. Evaluating the attractine current

( START )

READ ALL RELAY CONSTANTS:
mefra Ky Ke Fo, S Sg, $1/Sg, Gg B, X, N

READ THE WAVEFORM : I, ,d,

n
In {SIN (nWt + 9, ))
n=1

READ THE INITIAL CONDITIONS

2 2
x=0, dx/dt=0, d x/dt“=0, t=0, I = I,

DEFINE INTERVALS, INTEGRATION CINT, CURRENT AI
DEFINE TIME DURATION : TSTP

FORCE CALCULATIONS
SPRING FORCE : Fg = Fo + Kg X%

FRICTION FORCE : Fg = Kg dx/dt

PULLING FORCE : Fpj = P91/ (2Hg a);  i=1,2
Pgi™ (81470813455 81 )10y
Pc1= Ni/ (8¢ *S10g1 !

2
Boo= (V2 N I SIN(Wt+a)}/{(SC2+SlOg2 ) AW G ) )

-1
d = - tan = {(W Gs)/ (s, +Slogz )}

S10gi =815 (Soi¥Sgy) 1/1S 1y #8455 +55 }

sgi=(xo —x)/(uo aj)

0.5

159




ARMATURE MOVEMENT EVALUATION

a2 x/dt? = (F

o) _FS _Ff ) /m

dx/dt = | 42 x/ac?
(dx/dt) =-Bs (dx/dt) for x =
x = | dx/dt

0

PRINT/DRAW

ANY PARAMETER CHOSEN

{ STOP }

Program is kept under : 'TOC.CSL'
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A.4.2, Evaluating the tripping current

< START )

READ ALL RELAY CONSTANTS:

mofial KgKeFo, So Sou S1,85g Gy B, Xg N, By

READ THE WAVEFORM : I, ,d,

N
i=1I2 I (SIN (nWt + d, )}
n=1

READ THE INITIAL CONDITIONS

2
x=0, dx/dt=0, d x/dt2=0, t=0, I = I,

DEFINE TIME DURATION : TSTP

DEFINE INTERVALS, INTEGRATION CINT, CURRENT AI

FORCE CALCULATIONS

SPRING FORCE : FS = Fo t Kg %

FRICTION FORCE : Fg = K¢ dx/dt
PULLING FORCE : Fopj = @gi / (24, a); i=1,2
Pg1= 151i/(S15 *So3 +Sgi ) 10cy

Bo1= Ni/(Sy +8 logl )
2

= (4
Zep= I¥2 N T SIN(Wt+d)}/{ (S _, +S loga )} * G
d = - tan = {(W Gg )/(SC2 +Slog2 )}
Slogi=(51i(s o5 +S gi) }/{Sli +Soi +Sgi }

Sgi—‘-(XO —x)/(llo a, )

S )

2
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ARMATURE MOVEMENT EVALUATION

a? x/dt2 = (Fp -Fs -F¢)/m
ax/de = | &% wad

(dx/dt) =—BS (dx/dt) ; for x =
(dx/dt) =-Bg (dx/dt) ; for x =

X = f dx/dt

PRINT/DRAW

ANY PARAMETER CHOSEN

{ STOP )

Program is kept under : 'NEWIOC.CSL'
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APPENDIX 5. THE DRIVING TORQUE Td FOR A SINUSOIDAL CURRENT

The analysis is based on the diagram shown in Fig.8.1. Assuming that flux is linearly
related to current. Let :

S1  =Reluctance of flux path 1, the unshaded part of the pole.
S =Reluctance of flux path 2, the shaded part of the pole.
1id1 = Induced disc current due to 9i.1

g2 = Induced disc current due to i 2

Isc = Induced current in the shorted turn

Rgc = Resistance of the shorted tum

Then :
91,1 = (Ni+iq1)/S1 (A.5.1)
812 = (Ni+igp-ig)/So (A.5.2)
isc = (I/Rg) dpj p/dt (A.5.3)
iq1 = -kde; 1/dt (A.5.4)
id2 = -kdgj/dt (A.5.5)

where k is a constant of the disc. Assuming that one half of the pole is shaded such that
S1 =352 =S5, and let I/Rgc =k a, where a is a constant dependent upon the disc, then :

(S +kd/dy) gy =Ni (A.5.6)

(S +k (1+a) d/dr) gi2 =Ni (A.5.7)

let i=v2Tsin (@] t)

where w; is the fundamental angular frequency and I is the r.m.s. value.
Equations (A.5.6) and (A.5.7) can be written as :

Ni = [{S2+ (k2 )05 f1an 1 (@ /S) ] 01
and

Ni

[{S2 + (w1 k(1+2))2 }0-3 /tan -1 { (01 K/S)(1+2)} ] 012

It follows that ;

V2 NI sin(wqt +ayq)
T T (A.5.8)
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V2 NI sin(wqt + o)
Qsl e (A59)

S2[1 + {(0 k/S)(1+a))210:3

where

Il

o - tan "1 (0 K/S)

o - tan ~1{(wy k/S)/(1+a) )

The electromechanical torque developed in the disc is produced by the interaction of each
flux with the current produced by the other flux.

Tqg = K(g1ei2-ig2 9i 1) (A.5.10)

where K is a constant.

Combining equations (A.5.8), (A.5.9), and (A.5.10), and taking the angular frequency f
as nwq it can be found that the driving torque for any sinusoidal current is :

2K N21,2 k @y n sin(B)
VT — . (A.5.11)
$2[1 + (kw1/9)2 n2]%3 [1 + (ko (1+a)/5)2 n2]05

where  Bj o o

{-tan -1 (n 0 K/9)}- ( - tan "1(n 0y k(1+a)/S))

and after some trigonometric manipulation, we get :

I+ {(kop2(1+an2 )/ S2

as shown in equation 8.3.
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APPENDIX 6. THE EQUATIONS FOR THE PREPARATION OF CURVE FITTING

Consider equation (8.1), written here as (A.6.1):

2K N2 01 I32 k n sin(By)
£ T S — (A.6.1)

$2[1 + (ke1/9)2 n2]9 [1 + (ko (1+2)/s )2 n2]0-3

Let:
C1 =ko/S
Cy = koy(1+a) /S |
o
CT = 2KN2kow;/S? JFJF
4
then (A.6.1) can be rewritten as : i

Ct 142 nsin (Bn)
T = - (A.6.2.a)

[1 + C12 n2]0'5 [1 + C22 nz]o‘S

Ct I,2 nsin (B,
) T T — — (A.6.2.b)
[1+n2C12+n2Cy2+nd C12 C22]O'5

and (8.3), written here as (A.6.3) :

By = tan| oo (A.6.3)
1+ (kw)2(1+a)n2/ S2

can be rewritten as :

By = tan ] eeeoeemteeeees (A.6.4)

since Cp - C1 =k w7 a/S

From (A.6.4), sin B, can-be calculated :
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[1 +n2 C12 +n2 Cp2 +n# Ci2 sz]O.S

Combining equations (A.6.2.b) and (A.6.5), we obtain :

1 +02C12 +1n2C)2 +n4C 2052

which is the driving torque equation.

Now consider equation (8.7) written here as (A.6.7) :

Taking :
n2 = X
Istn |
s
Ci2 = G
Cy2 Cq

then equation (A.6.7) can be rewritten as :

1+C3x+C4x+C3C4x2

y = e ——————
x (1 +C3+C4+C3C4)
again, let :
C3+Cq4 =Kq
C3C4 =Ky
y'x =y

then we obtain :

1+K1+Ky  1+K[+K> 1+K1+K»

(A.6.5)

(A.6.6)

(A.6.7)

(A.6.8)

(A.6.9)




which can be rewritten as :

y = A1+A2X+A3X2

o~
\O
—{




APPENDIX 7. THE BREAKING TORQUE EQUATIONS

The movement of the disc is governed by the driving torque and three restraining torques,
L.e the spring, the friction, the braking torques. The first two restraining torques are
easily obtained, the last one however is more complicared. In this section, the equations
for the braking torque are derived.

A.7.1. Permanent magnet breaking torque

Topm = Kb,pm' 9m im (A.7.1)

where @y, is the permanent magner flux and 1y 1s the induced current in the disc due to
O and the disc rotation. Taking the angular disc velocity as v, = dxa/dt, then :

im = va9m/Ry (A.7.2)
R, is the disc resistance. | ¥
Combining equations (A.7.1) and (A.7.2), we obtain :
Topm = Kppm' Bm? Rm)va (A.7.3.2)
= Kppmva (A.7.3.b)

Note, @y, and Ry, are constants.

A.7.2, The breaking torque due to the flux produced by the current

As described in appendix 5, there are two fluxes produced by the current in the main
winding. Due to these fluxes and the disc rotation, each flux induces a disc current. The
interaction between them produces the self braking torque.

From equations (A.5.8) and (A.5.9), the fluxes are :

V2 NI sin(@qt + ap)
T =V2@; 1 sin (w1t +ap) (A.7.4)
S2[1+ (w) k/S)2 105

V2 NI sin(wqt + 0ty)
Bio = cemeeeeeeeeeeoeeneeee =20y sin(@t+0ay)  (A7.5)
$2 1+ {(w; k/S)(1+a)}2 10-3
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and the disc currents due to the disc rotation are :

Iy vy V2 @i,1 sin (0t + ay)

I

i) = vaV2 @ sin (gt + ay)

The average braking torque due to the fluxes and disc currents are :

27(/(1)1

Tpi1 = col/znf(Kb,n 8i,111) dt=Kp i1 012 vy
0

27'5/0)1

Thiz = C01/27ff (Kb,i2 9,2 12) dt =Ky i3 @5 22 v,
0

The angular velocity vy =dx,/dt

The above are the equations as shown in (8.11).
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APPENDIX 8. THE CURVE FITTING METHOD

The curve fitting program used is the one developed by NAG for computing a two
dimensional curve, EO2 ADF. By inputing the data, degree of polynomial equation and
the weighting factor, the program will then compute the Chebyshef polynomial constants
of the curve that fits this data.

For a two degree equation as shown in (A.6.8), the program will compute all constants
of the equation :

y = 0.5Chy TpX) + Chy Ti(X) + Chy TH(X) (A.8.1)
where :
ToX) = 1
T1(X) X
Tr(X) = 2X2-1

Ch; are Chebyshet constants, 1 = 0,1,2
X is the 'normalised’ x, where x is the data, and :

Xmax and Xmjp are the maximum and minimum values of x respectively. It is thus clear,
that the value of X lies between 0 and 1.

Equation (A.8.1) can be converted to a standard polynomial equation of the form;
y = A1+A7_x+A3x2

The program to compute the Chebyshef constants and change them to standard
polynomial constants then evaluates the relay constants C1 and C is given below.
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Program to prepare test results data (starting current & harmonic number)

A8 1,
for computation usine NAG

( START )

READ for n =1,3,5,7

Harmonics number n, Starting current Istn
Xp = n
vy, = % {Istn /Istl)
. 2
weight = w = (Ist72 /Istn 2y (7 “/n 2y

PRINT : x ,, Yo o n .

( STCP )

Program is kept under : 'DATACHEF.FOR'
: ' RDATACHEF.DAT'

Result is kept under

Program to compute Chebyshef constants

A.8.2.

(. sTtarT )

CALL NAG EO0Z2 ADF

PRINT CHEBYSHEF CONSTANTS : Ch

0, Chi,

Ch2

( STOP )

: 'CHEF1.FOR'

Program is kept under :
: ' RDATACHEF.DAT

Input is read from
Result is kept under

. NEWRCHEF.,DAT'
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A.8.3. Program to change Chebyshef constants into standard polynomial constants

and to evaluate relay constants C1_and C».

START
READ

CHEBYSHEF CONSTANTS Cho, Chl,Ch2
X MAXIMUM XA AND MINIMUM XTI

l

XP = XA+XI
XM = XA~-XI

CALCULATION OF POLYNOMIAL CONSTANTS

2

A2= (2 Chl/XM)+ (-4 Ch2(2/XM) (XP/XM))

A3= (2 ch2 (2/xM) 2 )

Al= (0.5 ChO)-(Chl XP/XM)+ (Ch2 (XP/XM? - Ch2)

A=1; B=-(A2/A1l); C=(A3/Al)

s=(8° -aacpP .o

no
S 20

yes

CHECK DATA INPUT

C31=1/2A(~B+S); C41=(a2/Al)-C31
C32=1/2A(-B~S); C42=(A2/Al)~-C32

Cll='JC3l ; c21=V C41

C12=\/C32 ; C22=J c42

c
PROCEED ONLY WITH POSITIVE VALUES (_——ilgg_-_)

ALPHAl=(C21-Cl1l)/C1l1

CALCULATION OF RELAY CONSTANTS ———t{

ALPHAl 2 0

yes

ALPHAZ2=(C22-C12) /C12
Cl=C12; C2=C22
ALPHA1=ALPHA2

Cl=C1l1l; C2=C21 ; ALPHA=ALPHAl

l

v [PRINT Cl,CZ,ALPHA]

STOP

Program is kept under : 'POLCHEFCI1.FOR'
Input is read from : ' NEWRCHEFC.DAT'
Result is kept under : ' NEWRPOLCHFC.DAT'
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A.8.4, Program 1o evaluate the tripping time for non-sinusoidal current

(for harmonic number 2 to 7)

( START )

READ
RELAY CONSTANTS : C1,C2

THE FUNDAMENTAL TRIPPING CURRENT
HARMONICS NUMBER : N

Il

CALCULATION OF THE TRIPPING CURRENT
WHICH HAS A SIMILAR TRIPPING TIME TO Il

N2=N ¢ ; cc1=c12 ; coo=c22 ; waey

IN = [{(I1)2

{ (N2) (1+CCl+CC2+ cCl cc2) )] 0-5

(1+ N2 CCl+ N2 CC2+ N4 CCl cc2)}/

PRINT IN

( STOP )

Program is kept under : 'ISTN1.FOR'
Input is read from : ' NEWRPOLCHEFC.DAT'
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APPENDIX 9. THE DRIVING TORQUE FOR A NON LINEAR RELAY SYSTEM

If a non-sinusoidal current is passed through an EM TOC relay winding, then as shown
In appendix 3, it will produce two fluxes, each has a phase angle with respect to the
current. These two fluxes will then induce two disc currents:

(o]

i = Xip; where ip=V2 1, sin (nwj1) (A.9.1)
n=1

the fluxes produced by the current i are :

for the unshaded pole ;
g1 = ;Qin,l ; where @i, | =2 Din,1 sin (nwyt+d1p) (A9.2)
n=1
for the shaded pole ;
9i2 = ; ®in,2 ; where gin 7= V2 Q)in,z sin (nw)t+d7p) (A.9.3)
n=1

The induced disc currents are :

o0

id] = 2 in,d1; where ip 41 =- k V2 Pin,1 NW{ COS (NW]t+d{p)
n=1

e =]

ig2 = 2 in,d2; where ip 4 =-k \2 in,2 NW1 cos (W t+dpn)  (A.9.4)
n=1
The driving torque is :
Tq = K(d192i2-1d2 2,1
As an illustration, the driving torque for a current that contains third harmonics will be

shown.

Consider the two fluxes as :

91,1 91,1 * 9i3,1

V2 @i1.1 sin(@yt+dy1) + V2 9i3.1 sin(3wt +93)
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912 = 8i1,2 +90i32

= V2 @i1 2 sin(wyt +d71) + V2 ?i3.2 sin(3wqt +923)

These two fluxes produce two induced disc currents ;

dl = i1,41+13,d1
= 2 Il,dl sin(qt +d11) + V2 I3,d1 sin(3wgt +d13)
2 = i1d2+1342
= 2 1 d2 sin{wt+d21) + V2 I3 42 sin(Bwt +023)
The driving torque is :

Tqd1,3 = Bi1,211,d1 +9i3,213,d1) + (81,213 d1 + %i3,2 11 d1)

- (991,111,d2 +9i3,1 13,d2) - (Bi1,1 13,42 + 8i3,1 11,d42)

After a series of algebraic manipulation, the result is
Tq13 = Ti1+TysinQ wyt+0yT) + T4 sin(4 ot +9d47)

where Tj and djT are constants; j = 1,2,4
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APPENDIX 10. THE DRIVING TORQUE COMPUTATION FOR
A NON LINEAR CORE

A.10.1. Program to evaluate the distortion of the flux waveform

( START )

INITIAL CCONDITION t=0
TIME INTERVAL At

READ :
THE CURRENT WAVEFORM : I , an
n
i=1 2 I, SIN(n Wt+d, )
n=1
;1
THE CORE CONSTANTS : r
S1=SLOPE 1, S2=SLOPE 2, IC (=mmfc) {;’F
no
IC1=IC-(S2 x IC) -
yes y |
m> 0 .
id = S1 x m
no
yes

id =(S2 x m)+IC1l

PRINT The distorted

————1f=(82 " m)-ICl}——————- current id

no
0 t = t+At P

ves

STOP

Program 1s kept under : 'NONLIN-31.FOR’
Result is kept under : 'RNONLIN-3.DAT
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A.10.2. Harmonic analysis of the flux waveform

C T )

INITIAL VALUES
B = 0
TA ,,TBp = 0;

n=1,3,5,7

l

READ THE CURRENT : id

A = f SIN(nR)

By = £ COS(nB)

TA .= TA , + Ag

TB n= TB n+ B n

B =08+ 7.5
yes
TA = TA p /12

n

TB n= TB p /12

Id = {A, + Bp )05

-1
d,=tan B_ /A,

n
PRINT : Id, , 0, id=3 Id_SIN(n Wt + dp)

n=1

Program is kept under
Input is read from
Result is kept under

C STOP )

: ' HARMEVA.FOR'
: 'RNONLIN-3.DAT'
: NEWRHARMEVA.DAT



A.10.3. Program to compute the driving torque

START

READ
RELAY CONSTANTS C1, C2
n
CURRENT Id, ,d, ; id =3 Id SIN(n Wt + J_ ), n
n=1
n2=n? ,cci=c1 2 ,cc2=c22 , nd=n ?
Tdn = {n2(C2-Cl)}/{1 +n2 CCl +n2 CC2 +n4 CCl CC2)
n “k
Td = Tdn J
=1 /
PRINT Td

Program is kept under : 'TORQUE.FOR'
Input is read from : ' NEWRPOLCHEFC.DAT' (constants Cy and Cy)

and NEWRHARMEVA.DAT' (current waveform)
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equipment’, International Seminar on Mathematical Modelling in Electroheat,
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- SASTROSUBROTO, A.S., FEATHERSTONE, A.M.: 'Continuous simulation
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European Simulation Congress, Edinburgh, UK, 5-8 September1989.

- SASTROSUBROTO, A.S., FEATHERSTONE, A.M.: 'The effects of harmonics on

the operating poiunts of electromechanical overcurrent relays’, 24th University Power
Engineering Conference, Belfast, UK, 19-21 September1989.

. SASTROSUBROTO, A.S., FEATHERSTONE, A.M.: 'Probability evaluation of

Residual Current Circuit Breaker testing method', 24th University Power
Engineering Conference, Belfast, UK, 19-21 September1989.

179



AN EXAMINATION OF THE TRIPPING TIME CHARACTERISTICS OF RESIDUAL
CURRENT CIRCUIT BREAKERS (RCCBs) WHICH MAY GIVE RISE TO FAILURES.

A.S5. Sastrosubroto and A.M. Featherstone

Aston University

Content has been removed for copyright reasons

Aston University

Content has been removed for copyright reasons




THE SIMULATION OF ELECTROMECHANI[CAL OVERCURRENT RELAYS
WITH RESPECT TO HARMONICS.

A.S. Sastrosubroto and A.M. Featherstone

Aston University

Content has been removed for copyright reasons

Aston University

Content has been removed for copyright reasons




THE SIMULATION AND MATHEMATICAL MODELLING OF HARMONIC
DISTURBANCES ON ELECTRO-HEAT PROTECTION EQUIPMENT

A M Featherstone and A.S.Sastrosubroto

Aston University

Content has been removed for copyright reasons

Aston University

Content has been removed for copyright reasons




THE EFFECTS OF HARMONICS ON THE OPERATING POINTS OF ELECTROMECHANICAL OVERCURRENT RELAXS

A.S. Sastrosubrcte anc A.M. Featherstone

Aston University

Content has been removed for copyright reasons

Aston University

Content has been removed for copyright reasons




PRHBARILITY EVALUATICN OF RESIDUAL CURRENT CIRCUIT BREAKER (RCCB) TESTING METHOD

A.5, sastrosubroto and A.M. Featherstone

Aston University

Content has been removed for copyright reasons

ASTON UiversiLy

Content has been removed for copyright reasons




