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Neutral Sizing in Harmonic Rich Installations

Introduction

This section discusses the sizing of neutral conductors in the presence of power quality problems such as
‘triple-N’ — that is, currents with a harmonic order that is a multiple of three current harmonics. This issue
is particularly important in low voltage systems where harmonic pollution by single phase loads is an
increasingly serious problem. Triple-N harmonic currents add arithmetically in the neutral conductor
rather then summing to zero as do balanced fundamental and other harmonic currents. The result is
neutral currents that are often significantly higher, typically up to 170%, than the phase currents.

The sizing of conductors is governed by IEC Standard 60364, Part 5-52: Selection and Erection of Electrical
Equipment — Wiring Systems. This Standard includes rules and recommendations for sizing conductors
according to the current required by the load, the type of cable insulation and the installation method and
conditions. Some normative rules are provided for sizing the neutral in the presence of harmonics, together
with informative guidance in Annex D. National standards follow IEC 60364 closely but there is a significant
time lag, so most national standards still do not deal with the neutral sizing issue in a comprehensive way.
Since few installers and designers have easy access to the IEC standards, relying only on their national
codes, they must depend on their own knowledge and experience when sizing neutral conductors. This
application note is intended to clarify the issues involved and present the IEC guidance to a wider audience.

Theoretical background

In a star-connected three-phase system, the L1

current in the neutral conductor is the vector A

sum of the three line currents. With a balanced D
sinusoidal three-phase system of currents, this

sum is zero at any point in time and the neutral N .

current is therefore zero (Figure 1). \

In a three-phase power system feeding linear L2 —>

single-phase loads the current in the neutral L3 —> /
conductor is rarely zero because the load on each

phase is different. Typically the difference is @
small and is in any case far lower than the line

currents (Figure 2).

Figure 1 - With a balanced three-phase load the

Where non-linear loads are being supplied, even neutral current is zero

when the load is well balanced across the phases,
there is likely to be substantial current in the |1 —

neutral conductor. With non-sinusoidal
currents, the sum of the three line currents, even D
with the same rms value, may be different from

zero. For example, currents with equal rms N <

values and square shape will result in a &
significant neutral current (Figure 3). L2 —>

In fact, the third harmonic components (and all [ 3 — /

other harmonics where the order is a multiple of

three - the sixth, ninth, etc.) of the line currents

are all in phase with each other (i.e. they are
homopolar components), so they sum
arithmetically rather than cancelling by vector
addition (see Figure 4).

Figure 2 - With an unbalanced three-phase load the
neutral current is not zero, but it is smaller than the
phase current
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The neutral current amplitude may exceed the
phase current in amplitude at the supply
frequency due to the third harmonic.

The requirements of the Standard

IEC 60364-5-52:2001, ‘Electrical Installations in
Buildings — Part 5-52: Selection and Erection of
Electrical Equipment — Wiring Systems’, is
concerned with the safe installation of circuits
from the point of view of installation techniques
and conductor sizing. The installation method
frequently affects the thermal conditions in
which the cable operates and so affects the cable
carrying capacity of the conductor or circuit.
Where cables of several circuits are installed in
the same conduit, trunk or void, the current
carrying capacity of each cable is reduced
because of the mutual heating effect. In other
words, the current carrying capacity of a cable is
determined by the amount of heat generated by
the current flowing and the amount of heat that
can be lost from the cable by convection.
Together, these determine the working
temperature of the cable which, of course, must
not exceed that appropriate to the insulation
material, 70 °C for thermoplastic insulation (such
as PVC) or 90 °C for thermosetting insulation
(such as XLPE). The ratings and adjustment
factors given in the Standard are based on
practical tests and theoretical calculations based
on typical conditions and need to be modified in
the light of known installation conditions. Since
the presence of triple-N harmonics in the neutral
conductor results in higher heat generation,
cable size selection must make allowance for
this.

Reference to sizing the neutral conductor in case
of non-sinusoidal currents can be found in
IEC 60364-5-524. Clause 524.2 indicates that the
neutral conductor shall have at least the same
section as the phase conductors:

¢ in two-conductor single-phase circuits
and for all conductor cross-sections

¢ in multi-phase circuits and in three-
conductor single-phase! circuits when
the cross-section of the phase
conductors is equal to or less than
16 mm? for copper or 25 mm? for
aluminium.
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Figure 3 - With a non-linear three-phase load the
neutral current is not zero and can also be larger than
the phase current because of homopolar harmonics

Y

Figure 4 - Third harmonic currents in the
neutral conductor

i.e. a centre tapped single phase supply where the centre point is neutral.
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Clause 524.3 states that, for other multi-phase circuits, the neutral conductor may have a reduced cross-
section if all the following conditions are met:

¢ the maximum expected current, including harmonics, if any, in the neutral conductor during
normal service is not greater than the current carrying capacity of the reduced cross-sectional area
of the neutral

the neutral conductor is protected against overcurrent

the size of the neutral is at least 16mm? in copper or 25mm? in aluminium.

These clauses are normative — in other words they provide regulations that must be followed in order to
comply with the Standard. However, complying with these clauses requires knowledge of the type and
number of loads that will be in use after the installation is put into service — unfortunately, this information
is rarely available. The Standard also includes an informative annex — information provided to help the
designer in the form of guidance and recommendation rather than regulation — that provides a
methodology for sizing cables correctly.

This section presents this guidance with the addition of worked examples and some observations regarding
de-rating in shared ducts and the effects of voltage drops.

Guidance from the Standard

The functioning of an electrical component or conductor can be significantly influenced by disturbances
to the system, the supply, or the load. Of all of the electromagnetic disturbances that affect energy cables,
the presence of current harmonics is one of the most important. The effects of this phenomenon can lead
to overload of both phase and neutral conductors. Here, attention is focused on the sizing of the neutral
conductor.

It should be noted that the current rating tables given in the Standard make many assumptions and it is the
responsibility of the designer to recognise when these assumptions are not valid and make appropriate
corrections. The most important assumption is that, in a four or five core cable, only three cores carry
current; in other words, the load is assumed to be balanced and linear. In the situation where the load is
unbalanced but linear the unbalance current flows in the neutral, but is offset by the fact that at least one
phase conductor is carrying less load. Assuming that no phase conductor is overloaded, the total Joule loss
in the cable is not excessive. When the load is non-linear there is a neutral current contributing to thermal
loss as well as the full effect of the three line currents.

Under the conditions of current distortion described in paragraph 1.2, heat dissipation in the conductor
due to the Joule effect is larger compared to the ideal linear load conditions, and the line capacity is
therefore reduced. In addition, neutral conductors, often previously undersized with respect to the phase
conductors in existing buildings (paragraph 1.3), can be overloaded even without the neutral current
exceeding the rated phase current.

It is impossible to determine the neutral current in absolute terms unless the real or theoretical waveform
of the load currents is known. However, as an approximation, the neutral current can be 1.61 times the
phase current in the case of loads such as computers, but can reach the value of 1.73 times the phase
current in the worst conditions with controlled rectifiers at high control angles, i.e. low DC voltages (o > 60°).

The simplest way to solve the problem is to apply appropriate corrective coefficients to the cable current
carrying capacity. Annex D of IEC Standard 60364-5-52 also gives a methodology for determining the
appropriate derating factor. For simplicity, the approach assumes that:

the system is three-phase and balanced

the only significant harmonic not being cancelled in the neutral is the third one (i.e. the other
triple-N harmonics have relatively low magnitudes and other harmonics are approximately
balanced and sum to zero) and,

¢ the cableis 4 or 5 core with a neutral core of the same material the same cross-section as the phase
conductors.
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3" harmonic line current Value selected on the basis of the Value selected on the basis of the
(%) line current neutral current
0-15 1.00 -
15-33 0.86 -
33-45 - 0.86
>45 - 1.00

Table 1 - Reduction factors for cables carrying triple-N harmonic currents

In the strictest sense, calculation of the current harmonic effects should also take account of skin effect,
which will reduce capacity as a function of the conductor size but, as a first approximation, it can be
neglected.

Table 1 shows the recommended reduction factors.

To calculate the capacity of a cable with four or five conductors where the current in the neutral conductor
is due to harmonics, multiply the standard current carrying capacity of the cable by the correction factor.

For phase currents containing 15% or less triple-N harmonics, the standard does not suggest any increase
in neutral cross-section. Under these circumstances, the neutral current might be expected to be up to 45%
of the phase current, and an increase of about 6% in heat generation compared to the normal cable rating.
This excess is normally tolerable except in situations where the cable is installed in areas with poor
ventilation or where there are other sources of heat nearby. An additional safety margin may be desirable
in, for example, confined spaces.

For phase currents containing 15% to 33% triple-N components, the neutral current may be expected to be
similar to the phase current and the cable must be de-rated by a factor of 0.86. In other words, for a current
of 20 A, a cable capable of carrying 24 A would be selected.

Where the triple-N component of the phase currents exceeds 33% the cable rating should be determined
based on the neutral current. For phase currents containing from 33% up to 45% triple-N harmonics, the
cable size is determined by the neutral current, but de-rated by a factor of 0.86. At 45% triple-N current the
cable is rated for the neutral current, i.e.135% of the phase current, derated by 0.86.

For even higher triple-N components, for example the typical worst case of 57%, the cable size is
determined solely by the neutral current. There is no need for a correction factor because the phase
conductors are now oversized.

Since the data for the reduction factors has been calculated on the basis of the third harmonic current value
only, higher order triple-N harmonics at a higher level than 10% would further reduce the acceptable
current. The situation described can be particularly critical when the neutral is used in common by several
circuits (where this is permitted by local regulation).

Tables 2 to 5 show how the current rating changes with and without 3 harmonic currents. The current
ratings are calculated according to the IEC 60364-5-523 Standard. The ratings listed are for a 4 core 0.6/1kV
cable with thermosetting (90 °C) insulation.

When using single core cables the choice of the neutral and phase conductor cross-sections becomes
independent. On the other hand the mutual thermal interaction is more difficult to model analytically
because of the varying relative positions.

The most direct way to proceed is independent sizing of the neutral conductor, always bearing in mind that
the thermal performance and the reactance of the circuit depends on the relative positions of the
conductors. Additional factors that should be taken into account include:

¢ When the cable is grouped with other cables, the greater current flowing in it (i.e. the harmonic
current in the neutral) produces more heat so there is an effect on other cables. This must be taken
into account by using enhanced grouping factors.
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Cross-section area Air (30°C) Ground (20°C)

(mm?2) Free air Conduit Conduit p =1 | Conduit p =1.5| Direct p =1 Direct p =1.5
1.5 23 19,5 20 19 30 26
2.5 32 26 26 25 40 36

4 42 35 33 32 51 45
6 54 44 43 41 65 56
10 75 60 59 55 88 78
16 100 80 76 72 114 101
25 127 105 100 93 148 130
35 158 128 122 114 178 157
50 192 154 152 141 211 185
70 246 194 189 174 259 227
95 298 233 226 206 311 274
120 346 268 260 238 355 311
150 399 300 299 272 394 345

Table 2 - Current rating (A) with 3 harmonic up to 15% (0.6/1kV 4 cores, 90 °C)

Cross-section area Air (30°C) Ground (20°C)

(mm?2) Free air Conduit Conduit p =1 |Conduit p =1.5| Direct p =1 Direct p =1.5
1.5 20 17 17 16 26 22
2.5 28 22 22 22 34 31

4 36 30 28 28 44 39
6 46 38 37 35 56 48
10 65 52 51 47 76 67
16 86 69 65 62 98 87
25 109 90 86 80 127 112
35 136 110 105 98 153 135
50 165 132 131 121 181 159
70 212 167 163 150 223 195
95 256 200 194 177 267 236
120 298 230 224 205 305 267
150 343 258 257 234 339 297

Table 3 — Current rating (A) with 3 harmonic up to 33% (0.6/1kV 4 cores, 90 °C)

Cross-section area Air (30°C) Ground (20°C)

(mm?2) Free air Conduit Conduit p =1 |Conduit p =1.5| Direct p =1 Direct p =1.5
1.5 15 12 13 12 19 17
2.5 20 17 17 16 25 23

27 22 21 20 32 29

34 28 27 26 41 36
10 48 38 38 35 56 50
16 64 51 48 46 73 64
25 81 67 64 59 94 83
35 101 82 78 73 113 100
50 122 98 97 90 134 118
70 157 124 120 111 165 145
95 190 148 144 131 198 175
120 220 171 166 152 226 198
150 254 191 190 173 251 220

Table 4 — Current rating (A) with 3 harmonic equal to 45% (0.6/1kV 4 cores, 90 °C)
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Cross-section area Air (30°C) Ground (20°C)

(mm2) Free air Conduit Conduit p =1 |Conduit p =1.5| Direct p =1 Direct p=1.5
1.5 13 11 11 11 17 14
2.5 18 14 14 14 22 20

23 19 18 18 28 25
6 30 24 24 23 36 31
10 42 33 33 31 49 43
16 56 44 42 40 63 56
25 71 58 56 52 82 72
35 88 71 68 63 99 87
50 107 86 84 78 117 103
70 137 108 105 97 144 126
95 166 129 126 114 173 152
120 192 149 144 132 197 173
150 222 167 166 151 219 192

Table 5 - Current rating (A) with 3" harmonic equal to 60% (0.6/1kV 4 cores, 90 °C)

¢ The voltage drop in the neutral caused by all triple-N harmonics becomes harmonic voltage
distortions on all phases of the supply. This may require a further increase in neutral cross-section
for long cable runs.

Particular attention has to be given to armoured or metal-screened cables. The contribution of harmonics
to eddy currents in the screen or armour may be considerable. Therefore, whenever a load current
distortion is expected, the neutral conductor should never have a cross-section smaller than the
corresponding phase conductors. The same holds, of course, for all accessories of the neutral circuit.

When the design dimensions of the neutral circuit increases beyond that of the corresponding phase
components, as can happen even in standard electrical systems, it is difficult if not impossible to find
suitable commercial components available that are capable of correctly integrating into the system. The
only suitable alternative is to limit the load or to size for the largest cross-section. Protection should, of
course, be sized correctly for the smaller cross-section of the phase conductor.

For final circuits, separate neutrals for each line and separate circuits for each distorting load should be
planned. This also ensures the best possible electromagnetic independence among both disturbing and
susceptible elements. The use of the best possible balance of the loads avoids further contributions to the
neutral current due to unbalance. The above considerations are just as important and applicable for large
cross-section cables as they are to modest cross-section cables. They can also be applied, at least as a good
approximation level, to busbars.

Numerical example

Consider the following example: a three-phase circuit with a 39 A load rating to be installed using a 4-core
PVC (70 °C) insulated cable laid directly onto the wall. In the absence of harmonics, it is common practice
to use a copper conductor cable with a 6 mm? cross-section with a capacity of 41 A.
With 20% of the third harmonic, applying a 0.86 reduction factor, the equivalent load current is:

39.0 454

0.86

for which a cable with a 10mm?cross-section would be necessary.

With a third harmonic equal to 40%, the cable section should be chosen according to the neutral current
equal to:

39x0.4x3=46.84
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and applying a 0.86 reduction factor a rated current:

468 _ 5444
0.86

so a cable with a 10 mm? section is also suitable for this load.

With 50% of third harmonic, the cable section to be chosen still depends on the neutral current:
39x0.5x3=58.54

requiring a 16 mm? cable. (In this case the reduction factor is equal to 1.)

Conclusions

The discussion in this paper has pointed out how common design solutions, valid without power quality
problems, become meaningless when the theoretical hypotheses upon which they are based are not
fulfilled. In this instance, the assumption that voltages and currents have ideal waveforms is not valid.

In the case of neutral conductor sizing, common ‘old’ practice would advise the choice of a cross-sectional
area smaller or equal to that of the corresponding phase conductors and the use of a scheme with the
neutral shared among more lines. On the other hand, a correct consideration of the electromagnetic effects
occurring with non-linear loads requires the selection of a neutral conductor with a cross-section larger
than, or equal to, that of the corresponding phase conductors and based on the real current that is flowing
init. The use of a separate neutral conductor for each line (previously mandatory in some countries) is also
required. The numerical example shows that the problem can arise on both important sections of a plant
and on the final circuits of any electrical system.
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