IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 48, NO. 1, JANUARY/FEBRUARY 2012 211
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Abstract—At the occurrence of phase-to-ground faults, abnor-
mal levels of thermal energy I2t, due to the Joule effect, will be
developed during the clearing time that protective devices take
to operate. The IZt, also referred to as specific energy or Joule
Integral, is accumulated within the elements forming the fault
loop, such as the protective conductors (also referred to as equip-
ment grounding conductors), responsible to return ground-fault
currents to the source. As a consequence, the temperature of these
conductors elevates and may exceed, in the case of an incorrect
design, the maximum value that their insulation can withstand.
This dangerous situation can cause the failure of the conductor
insulation and/or trigger fires in neighboring materials. The max-
imum I3t that protective conductors can endure is, therefore,
crucial in order to guarantee the electrical safety. The parameters
on which the maximum I2¢ depends are described by the factor
k2, which will be herein discussed and analytically evaluated. The
intention of the authors is to provide a theoretical support to
the Power Systems Grounding Working Group of the Technical
Books Coordinating Committee IEEE P3003.2 “Recommended
Practice for Equipment Grounding and Bonding in Industrial
and Commercial Power Systems”; the working group is currently
elaborating a dot standard based on IEEE Standard 142-2007,
also referred to as the Green Book. To this purpose, a comparison
with existing formulas, currently present in codes, standards of
the International Electrotechnical Commission and of the IEEE,
as well in the literature, will be also presented.

Index Terms—Adiabatic, ampacity, cables, equipment ground-
ing conductor (EGC), fault duration, ground faults, I%t, Joule
integral, protective conductor, protective device.

NOMENCLATURE
ig(t) Instantaneous ground-fault current.
0o Initial temperature of the protective conductor.
05 Final temperature of the protective conductor.
Onm Maximum temperature that protective conductor insu-

lation can withstand without damage.
R Fault-loop resistance.
EGC Equipment grounding conductor.

Manuscript received June 24, 2011; accepted October 15, 2011. Date of
publication November 14, 2011; date of current version January 20, 2012. Paper
2011-PSEC-255, presented at the 2011 IEEE Industry Applications Society
Annual Meeting, Orlando, FL, October 9-13, and approved for publication
in the IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS by the Power
System Engineering Committee of the IEEE Industry Applications Society.

M. Mitolo is with Chu & Gassman, Middlesex, NJ 08846 USA (e-mail:
mmitolo@chugassman.com).

M. Tartaglia is with the Dipartimento Ingegneria Elettrica, Politecnico di
Torino, 10129 Turin, Italy (e-mail: michele.tartaglia@polito.it).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIA.2011.2175886

PE Protective conductor.
Po Resistivity at 0 °C.
P20o-  Resistivity at 20 °C.

I. INTRODUCTION

HIS PAPER seeks to provide a theoretical validation of

existing formulas for sizing protective conductors (PE)
(also referred to as equipment grounding conductors, EGCs)
currently in use in codes, standards of the International Elec-
trotechnical Commission (IEC) and IEEE standards, such as,
for example, [1] and [2].

Properly sizing PEs is extremely important, as at the oc-
currence of phase-to-ground faults, abnormal levels of thermal
energy I3, also referred to as Joule Integral, occur. This energy
develops during the clearing time that protective devices take to
operate and disconnect the faulty equipment. Such let-through
energy needs to be compared with the maximum thermal energy
that a given protective conductor can endure without damaging.
The evaluation of protective conductors’ maximum thermal
energy is, therefore, crucial in order to guarantee the electrical
safety of persons under ground-fault conditions.

This maximum admissible thermal energy of the PE not only
depends on its cross-sectional area, but also on its constituting
material (e.g., copper), its type of insulation (e.g., PVC), its
initial temperature 6y at the inception of the fault, and the
maximum temperature 6,; that the conductor insulation can
withstand without damage.

The initial temperature 6, may be taken as the conduc-
tor maximum operating temperature in correspondence with
its current-carrying capability. This conservative assumption,
which may result in protective conductors oversizing, is indeed
more appropriate for line conductors involved in short circuits.
In these cases, in fact, the initial temperature of the conductors
at the inception of the short is the actual temperature in cor-
respondence with the prefault load current; such temperature
is conservatively assumed as that in correspondence with the
ampacity' of the cable.

On the contrary, the PE is generally “at rest,” as no current
normally circulates through it. Thus, if the protective conductor
is not incorporated in cables, and not bunched with other
cables, its initial temperature may be the ambient temperature
(conventionally 30 °C).

! Ampacity is defined as the maximum amount of electrical current a con-
ductor can carry while its insulation remains within its temperature rating.
Exceeding temperature ratings shorten the useful life of conductors.

0093-9994/$26.00 © 2011 IEEE
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II. K2 FACTOR FOR PROTECTIVE CONDUCTORS

To estimate the thermal stress to which protective conductors
are subject, we can initially assume that the let-through energy
is entirely accumulated within the PEs, and that there is no heat
dissipation by convection or radiation by the conductor (i.e.,
adiabatic conditions).

As anticipated, in order for the protective conductor not to
be damaged during the ground fault, the let-through energy
must not exceed the maximum thermal energy that the PE can
withstand. In formulas, and for the adiabatic case,

ty
/@ﬁgﬁ#. (1)

o

The left-hand side of (1) is the let-through energy devel-
oped during the fault [3]; i is the instantaneous ground-fault
current, S the cross-sectional area of the protective conductor
(mm?), ¢ is the clearing time of the protective device and k?
is a factor that takes into account the resistivity, temperature
coefficient and heat capacity of the conductor material, the
initial temperature of the protective conductor at the inception
of the fault, and the maximum admissible temperature the
insulation of the PE can withstand without damage.

The factor k2 is given by

c 1+ apbys
n .
ag-po 1+ 0ag

k? = 2)

The Appendix provides an analytical calculation for the
above factor k2.

If in (2), we pose 3 = 1/ag and pg = p2oe /(1 + 20°g), as
per (A3), we obtain

o c(f+20°) < 9Mt90>
k= 7,020 In(1+ 7ﬁ s 3)

which is an equivalent formulation of the k2 factor that can be
found in [4].

With the same positions, we can obtain the following for-
mula, presented in [5]:

(O +1/c0)

- 4
(6o +1/ap) @

k= é(QO—F 1/ap)In

Equations (3) and (4), included in different standards, do
confirm the analytical calculation of the k% factor obtained
in (2).

Equations (2)—(4) can be applied to conductor at different
rated voltages, whose temperature limits, for various types of
insulation, can be found in [5]—[8].

Equations (2)—(4) can also be applied under nonadiabatic
conditions: differences in the calculated values of k2 are only
significant for smaller cross-sectional areas of cables (less than
10 mm?).

TABLE 1
VALUES OF PARAMETERS FOR DIFFERENT
CONDUCTIVE MATERIALS OF PES

Temperature Resistivity Volumetric heat
Conductive coefficient Po capacity ¢
Materiul of resistivity (€ mm) {AEC iy
ech
Copper 4261077 15.80-10°% 3145007
Aluminum 4381077 25.9%-10¢ 2510
1 cad 4.34-1077 196 88107 1451077
Sieel 495102 125 56-107° 38107
TABLE II

TEMPERATURE LIMITS FOR INSULATION MATERIALS OF PROTECTIVE
CONDUCTORS NOT INCORPORATED IN CABLES, AND
NoOT BUNCHED WITH OTHER CABLES

Conductor insulation (" | By
Paper 30 250
Polyviny] chloride (PVC) .
rconductor cross-section = 300 mm-) 0 160
Polyviny! chloride (PVC) ;
teonducior coiss-seotion = 300 muﬂ 30 140
Cross-linked polvethvlene (XLPL} 30 250
60 °C Ethylene propylene cubber (EI'R) 30 2000
85 °C Fthylene propvlene rubber (EPR) 30 220

III. VALUES OF PARAMETERS FOR DIFFERENT MATERIALS
AND INSULATIONS OF PROTECTIVE CONDUCTORS

Table I lists values of parameters for different conductive
materials of PEs to be used in the calculation of k?:

The nature of adjacent insulating materials limits the maxi-
mum admissible temperatures of protective conductors.

In the following tables, temperature limits for protective
conductors for ground-fault durations not exceeding 5 s are
listed. If ground-fault clearing times exceed 5 s, maximum
temperatures must be reduced according to the manufacturer’s
indications.

Temperature limits for insulation materials of protective con-
ductors not incorporated in cables, and not bunched with other
cables, are listed in Table II [4], [6].

Temperature limits for insulation materials of protective
conductors as a core incorporated in a cable or not bunched
with other cables or insulated conductors, are listed in Table 111
(41, [6].

Temperature limits for bare protective conductors in contact
with cable covering, but not bunched with other cables, are
listed in Table IV [4], [6].

Temperature limits for insulation materials of protective
conductors as a metallic layer of a cable (e.g., armor, metallic
sheath, concentric conductor, etc.) are listed in Table V [4], [6].

If protective conductors are bare and exposed to touch, or
in contact with combustible materials, their superficial temper-
ature may be a reason of concern. In normal condition areas,
when there is no risk for the bare PE to cause damage to any
neighboring material, the maximum temperature to consider for
calculations should be 200 °C. However, different temperature
limits can be adopted in different areas; if the bare protective
conductor is well visible and confined in restricted zones, the
maximum allowable temperature can be increased; on the other
hand, if the bare PE is in fire risk locations, its maximum
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TABLE 1II
TEMPERATURE LIMITS FOR INSULATION MATERIALS OF PROTECTIVE
CONDUCTORS AS A CORE INCORPORATED IN A CABLE OR BUNCHED
WITH OTHER CABLES OR INSULATED CONDUCTORS

TABLE VII
VALUES OF K2 FOR INSULATED PROTECTIVE CONDUCTORS NOT
INCORPORATED IN CABLES, AND NOT BUNCHED WITH OTHER CABLES

. . . E A s/imm- |
- 1 Conductor insulation 0 " -
Eaay | tris) | EA AT San 530 1yade size | 9907 5o rude size Copper | Aluminum | Steel
o s “ {mm-} {nm) Paper 308107 | 13510° | 408107
: - ! : ’ endopvnsd conde (VC) o | 2040t 895107 | 2.72:10°
| 1 [ sseir | 3 FyT— (conductor 1oss-seution £ 360 min'y
- aly vinyl chloride Tt it i
30 193 174103 237225 294—4 {conductor cross-section = 300 mm) L7107 799107 | 23710
40 33 848107 |.66—2.5 205—=235 Cross-linked polvethylene (XLPE) | 3.08: 107 | 13510° | $.08-101
s0 | 216 | s4000* 1.32—1.5 16425 60 °C Flh,\-'lcn_i FE‘}P)’ICN rubber oy oo | TITTON L a8
: PP - : (L
a0 20.8 74910 .56—2.5 193223 85 %0 FEthylene propylene rubber 9 76104 12710% 3 660107
100 34 540107 1.32—1.5 | 6d—2.5 (FPR} < - B
200 1.73 692 10t | 5—1.3 18515
g7 _ — TABLE VIII
400 0.5 80010 16125 199—=25 VALUES OF K2 FOR PROTECTIVE CONDUCTORS AS A CORE
300 037 | 925107 1.73—=25 2.14—13 INCORPORATED IN A CABLE OR BUNCHED WITH OTHER
A0 023 g 28 10* | 64—2 5 I 03—7 5 CABLES OR INSULATED CONDUCTORS
00 018 .82 10% | 69—2.3 20823 ] ] k"[Agsx'mm:]
s00 | 013 | 832100 164 125 203 2.8 Conductor imsulation Cupper | Aluminum | Steel
1000 | 0014 | 140107 06715 08313 Polyviny Chloride (PVCY oy ag 0 | 599007 | 1754108
tconductor cross-section = 300 mm=) ” o
Palyvinyl Chloride (PVC) s RS et
TABLE IV {conductor ¢ross-section = 306 mmj] 10310 46310 140-10
TEMPERATURE LIMITS FOR BARE PROTECTIVE CONDUCTORS IN Cross-linthed Polyethylene (XLPE} 204107 8 Od: |37 2671 03
CONTACT WITH CABLE COVERING, BUT NOT BUNCHED o - = :
WITH OTHER CABLES 60 Elh}len:;,r&me"e Rubber 198107 | sav 10t | 262100
s o T ke | N .
Cable covering G (°C) | Buri®C) B3 mh-‘"'h‘_.}]g’}"}'“m rubber ) 290007 | 78710° | 236100
Folvvimyl Chloride iPVC) 30 200 —
o _I - |3, p - L > " )
Chiteaiphoied b elstenc 857 |30 | 230 TABLE IX
- up & - - VALUES OF K2 FOR BARE PROTECTIVE CONDUCTORS IN CONTACT WITH

TABLE V
TEMPERATURE LIMITS FOR INSULATION MATERIALS OF PROTECTIVE
CONDUCTORS AS A METALLIC LAYER OF A CABLE

Cable insulation Gy("C) | By {0}
T07C Polyvinyl chlocide {PVC) of) 200
YO°C Polyvinyl chloride (PVC i) 20H)
Cross-linked polyethylene (XLPE} 80 200
&0 °C Ethylens propyleng rubber {EPR) 33 200
85 2C Lthylene propylenc rubber {LPR) 75 220
Mineral PVC covered 0 200
Mineral bare sheath 15 250

TABLE VI
TEMPERATURE LIMITS FOR BARE PE WHERE THERE Is NO
RISK OF DAMAGE TO ANY NEIGHBORING MATERIAL

e o Ea (°C)
Conditiyns of the bare PE. | 6,(°C) Copper | Aluminum | Steel
Visible & in restricted areas 30 500 300 300
I normal condilions areas 30 200 200 200

In lire risk areas 30 15 150} 150)

temperature should be lowered. Table VI lists such temperature
limits as per [4] and [6].

It should be noted that due to safety considerations, such
as the risk of burns or of triggering fires or explosive at-
mospheres, the fusion temperatures of bare PEs, as maximum
allowed temperatures, are not considered in the IEC world.
Such temperatures would largely exceed the temperature limits
of Table VI; in fact [1] indicates that if fusing is a criterion,
then a final temperature of 1000 °C for copper and 630 °C for
aluminum may be used.

CABLE COVERING, BUT NOT BUNCHED WITH OTHER CABLES

&7 LA s/ M)
able covering Copper | Alnminum Steel

Polyvinyl Chloride (PVC} 253107 | raret | 33e00°

Cross-linked Polyethylene {XLPE) 1.90-10% 838100 285108

Chlnrm‘mlphon_;‘allcd Polyetlylence 27610 13110 16610

(TS
TABLE X
VALUES OF K2 FOR PROTECTIVE CONDUCTORS
AS A METALLIC LAYER OF A CABLE
. . . KLAs/mme]
Cable insulation Copper | Aluminum Lead Steel

T0°C Polyvimyl chloride | 198-107 | 8.60-10° | 6.67-10- | 2.62-10%
(PN

90°C Polyvinyl chloride | 165107 | 7.22010% | 554107 | 2171688
(PVC)

Cross-linked polyethyvlens | 1.65-107 | 722107 | 554107 | 217100
{XLPE}

ol °C Fthylene propylene | 207-10° | 90810 | 697.10° | 273107

rubber (CPRY
85 °C Fhyleng propylens | 1.96-10% | 858104 6.50-10° | 257103
rubber (LPR}
Mineral PYVC covered 181197 na na na
Mineral bare sheath 1.81-140% nia 4 nia
TABLE XI

VALUES OF K2 FOR BARE PE WHERE THERE Is NO RISK OF
DAMAGE TO ANY NEIGHBORING MATERIAL

2T A ]
Conditions of the bare PL Copper ﬁ\[lf:n:f:llu-:n] Steel
Yisible and in restricted areas | 5.20-10% 1.57-10F | 677107
In normal conditions areas | 283100 | LIE-I0Y | 336107
In fire risk areas 1g0-00% | 838100 | 2.5510°
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TABLE XII
A COMPARISON OF VALUES OF K2 OBTAINED WITH DIFFERENT
FORMULAE (PROTECTIVE CONDUCTORS NOT INCORPORATED IN
CABLES, AND NOT BUNCHED WITH OTHER CABLES—XLPE)

NLPE 2 ki ki
(&= 250°Cy | (per Fo. (2)) | iper Fy. (3vand (600 | {per Fay. (3) and (6))
1 K] 1 4
¢, 30°C 30°C 90°C
Copper 30810 304107 202107
Aluminum 135197 1.2810° 8.49- 1P

IV. VALUES OF K2 FOR PROTECTIVE CONDUCTORS

Based on initial and limit temperatures listed in Tables [-VI,
the k? factor can be calculated according to (2) for any given
insulation and conductive material of wires. Tables VII-XI
report the results of the calculation:

The value of the k? factor can also be determined through
formulas currently present in literature; however, attention must
be paid to such formulas and on the assumptions on which they
are based.

In fact, the expression of the k2 factor in [1] for copper and
aluminum are both incorrect. The Power Systems Grounding
Working Group of the Technical Books Coordinating Com-
mittee IEEE P3003.2 “Recommended Practice for Equipment
Grounding and Bonding in Industrial and Commercial Power
Systems” is aware of this issue. Thus, in the new dot standard
P3003.2, based on [1, Ch. 2], the following formulas, found
in [9] and [10] are being proposed for equipment grounding
conductors, respectively, in copper and aluminum:

I? Th + 234
I T + 228
— |t =0.01251 —_—
(2) oo, (B2) g

where I is the fault current through the conductor in amperes,
A is the protective conductor cross-sectional area in circular
mils, ¢ is the fault clearing time in seconds, 7; is the initial
operating temperature in degrees Celsius and T}, is the maxi-
mum temperature for no damage in degrees Celsius. Reference
[1] also indicates that 7} is often taken as the conductor maxi-
mum operating temperature in correspondence with its current-
carrying capability rather than its initial temperature. This is a
conservative approach of which the designer should be aware,
as may result in protective conductor oversizing.

A comparison between the values of k2 obtained with (2) and
k3, (T; = 30 °C and k3, (T; = 90 °C) calculated with (5) and
(6) is shown in Table XII for the case of protective conductors
not incorporated in cables, and not bunched with other cables
insulated in XLPE (6, = 250 °C).

It can be seen that (2), (5), and (6) substantially provide the
same results for #y = 30 °C (columns 2 and 3 of Table XII).
However, if 8y = 90 °C is employed in (5) and (6), as implicitly
allowed in [1], the values of k3, (column 4 of Table XII) are
more than 30% lesser than the values k2 calculated with (2)
(column 2 of Table XII). It is important to note that reduced
values of k2 determine larger cross-sectional areas for the PE in
correspondence with the same ground-fault current and clearing
time of protective devices. This conservative approach does

compound with the assumption of adiabatic conditions during
ground faults in determining larger PE.

V. MINIMUM CROSS-SECTIONAL AREAS OF PROTECTIVE
CONDUCTORS IN ADIABATIC CONDITIONS

The analytical evaluation of the integral of the left-hand side
of (1) is rather complex, as the ground-fault current is asym-
metrical due to the development of a transient dc component
[11], [12]. The method proposed in [11] allows the evaluation
of the maximum possible thermal stress to conductors involved
in faults by taking into account the worst possible asymmetries
of fault currents due to both the making angle and the short-
circuit phase angle.

However, [4] and [13] indicate that if protective devices
can clear the ground fault within 5 s from its inception, the
following simplified formula may be used to determine the
minimum and safe cross-sectional area S(mm?) of PEs in
adiabatic conditions:

S > %G\/E (7

I is the r.m.s. value of the prospective ground-fault current
circulating through the PE for a fault of negligible impedance,
and t; is the operating time of the protective device in corre-
spondence with the ground-fault current. In reality, when the
ground-fault current is not constant, the error caused by the
simplification shown in (7) is acceptable provided that either
the dc transient component of the ground-fault current quickly
expires or protective devices do not clear the ground fault within
the first cycle. As per the above simplification, the method used
in [11] is not herein used.

It is important to note, though, that the optimum wire size of
the PE is not per se a guarantee of electrical safety for persons.
In fact, also, terminations, joints, bonding jumpers, etc., in-
cluded within the ground-fault path must have equal, or greater,
thermal capabilities than that of the protective conductor.

If (7) produces nonstandard sizes, protective conductors of a
higher standard cross-sectional area must be used. In addition,
as anticipated in the previous section, the choice of using the
maximum operating temperature as ¢y may lead to further
oversizing.

To better understand this issue, let us consider the Time-
Inverse trip curve as a function of the prospective ground-fault
current for a 20-A molded case circuit breaker (Fig. 1).

The trip curve of Fig. 1 provides the clearing times ¢ of the
circuit breaker in correspondence with any given value of the
ground-fault current. Such values are listed in Table XIII.

Table XIII also shows the values of calculated and trade
sizes of cross-sectional areas (columns 4 and 5) as per (7).
The two initial temperatures used in the calculation of k2 are
6o = 30 °C and 6y = 90 °C, in the case of a copper protective
conductor not incorporated in cables, and not bunched with
other cables, insulated in XLPE (k = 175.55 and kgg = 141.99,
as per Table XII).

It can be clearly seen that the adoption of the operating
temperature of 90 °C results in some cases in protective
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Fig. 1. Time-Inverse trip curve for a 20-A molded case circuit breaker.

TABLE XIII
CALCULATED AND TRADE SIZES OF CROSS-SECTIONAL AREAS OF

PROTECTIVE CONDUCTORS NOT INCORPORATED IN CABLES,
AND NOT BUNCHED WITH OTHER CABLES—XLPE

f{,-{.-"\} ff{53 !(;2”!,\25] SJII_’(?E:I;:E?« size S%_‘(Er\'r"??ntg;ldesin
1 z 3 4 N
20 GO0 | 396-10° 3594 4436
30 193 | L.74105 23725 2.94—4
40 53 g48-10% 1.66—2.5 20525
0 206 | sap? 1.31—1.5 1.61—2.5
60) 208 | 749107 1.56—2.5 193—2 3
100 s4 | 540107 13215 | .64—2 3
w0 | v | szt L30—1.5 14525
400 0.5 &.00-10° 161—23 19935
00 | 037 | 92510 1.73—=2.5 2.14—25
600 | 023 | s28-10° 164 2.8 203 28
00 | 008 | ss20f 1.60—2.5 2025
g0 013 | 832104 164—23 20323
1000 | o014 | 140-10% 0.67—13 0.83—13

conductor oversizing by one trade size, in the presence of the
same ground-fault current and clearing time.

Equation (7) can of course be used for protective conductors
such as armors, metallic sheaths, tapes, etc. In these cases,
we consider an equivalent cross-sectional area S (mm?) given

by [5]:

P
—f;o ®)
20 Y

Sg =
where pog is the resistivity at 20 °C (Q2mm), Ry is the
resistance per kilometer at 20 °C (Qkm™'), P is the mass per
kilometer (kg km™1), ~ is the specific mass (kg mm™>).

TABLE XIV
CONSTANTS X AND Y
. Copper
Insulation X mms?? e [ (mmiis)
PV <35 kY 0249 .04
EPR < 3 kY 038 ol
X1L.PE 0l 012

VI. NONADIABATIC METHOD

The assumption that under ground-fault conditions all the
thermal energy is accumulated within the protective conductors
may be in some case pessimistic, as heat transfer into the
neighboring environment does occur.

References [14] and [15] provide details for the nonadiabatic
method, which is valid for all ground-fault durations, and is
based on an empirical approach.

If part of the heat is dispersed toward adjacent bodies, the
permissible ground-fault current can increase, without risk of
damaging the protective conductor of a given cross-sectional
area. Alternatively, the wire size of the PE can be safely de-
creased with respect to the value determined with the adiabatic
method.

The permissible nonadiabatic ground-fault current Ixap is
given by

Inap = €lg 9

where ¢ is the nonadiabatic factor, which takes into account
heat loss into the adjacent components (¢ = 1 in adiabatic
conditions, whereas € is > 1 in nonadiabatic conditions); /g
is the ground-fault current calculated with (7) in adiabatic
conditions.

In the case of insulated conductors as PEs, the nonadiabatic
factor is given by the following simplified empirical formula:

e=\V1+XZ+YZ2.

The constants X and Y for copper protective conductors are
presented in the following Table XIV, as a function of the PE
insulation, and for voltages <3 kV.

Z is defined as

(10)

Z =\/ts/S (11)
where ¢ is the ground-fault duration (in s) and S is the PE
geometrical cross-sectional area (in mm?).

For the usual range of wire sizes encountered in the practice,
[14] indicates, as a decision-making criterion, to neglect the
improvement in the permissible ground-fault current when its
increase is less than 5%, that is, when Inap < 1.051¢. In
this case, the nonadiabatic method is not recommended to
determine the minimum cross section of PEs.

Based on this criterion, the authors have performed compu-
tations based on (10) to determine the values of trade wire sizes
for copper conductors, for which £ < 1.05. These calculations
have taken into account different values of ¢y, as well as,
trade wire sizes from 1.5 to 300 mm?. Threshold values for
S have been identified, below which the adiabatic hypothesis
is too pessimistic and protective conductors result oversized.
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TABLE XV
MAXIMUM VALUES FOR S FOR COPPER PES, FOR WHICH ¢ > 1.05
. fr b 1y s t ] tr 5
Insulation (sI) (mm) (sf) {(mm-) {éf} (mmc} (s{) {mm’)
PVC {1, /4 | 10 10 95 100 | =300
LPK .l 1.5 | 16 1t 150 100 | =30
XLEL il 13 1 16 1(} 154} 100 | =Mtk

Table XV lists the smallest values for S for copper wires, for
which e < 1.05, for ¢y equal t0 0.1s, 1's,and 10 s.

According to (10), the maximum size for protective conduc-
tors for the nonadiabatic condition to be useful in practice is
S = 10 mm?, as long as t; equals at least 0.1 s. Calculations
show, in fact, that for fault durations ¢y < 0.1 s, the heat
exchange with the surrounding air or materials is negligible
(i.e., € = 1) even for the smallest wire trade size of 1.5 mm?.

VII. CONCLUSION

The authors have proposed an analytical method for the
calculation of k2 for protective conductors, which takes into
account the thermal characteristics of insulations, as well as of
neighboring materials. This has allowed the determination of
the optimum value of S.

The analytical results confirm the formulas currently present
in literature and to be adopted in P3003.2 for the adiabatic
case. However, such formulas only consider PEs as wires and
may lead to oversizing the protective conductors, of which the
engineer should be aware.

It has been substantiated, in fact, that two pessimistic choices
may be made: using the maximum operating current of protec-
tive conductors rather than the ambient temperature; consider-
ing the thermal phenomenon developing during ground faults
always adiabatic.

Compiling these two assumptions may lead to oversized
protective conductors by one or two trade sizes.

APPENDIX

In adiabatic conditions, during the ground fault, the follow-

ing thermal balance occurs:

p-é-iédtzS-l-c-dG (A1)
where [ is the length of the ECG, S its cross-sectional area
(mm?), p its resistivity (Qmm), and c its volumetric heat
capacity (J/(°C mm?®)); i¢ is the instantaneous ground-fault
current.

The left-hand side of (Al) quantifies the heat developed
by the fault current during the infinitesimal time d¢, while
the right-hand side is the heat accumulated in the conductor
during the same time. df is the difference between the initial
temperature ¢, of the conductor, at the inception of the fault,
and its temperature 0, after the fault is cleared.

The resistivity p of the PE is a function of the temperature 6
imposed by the ground fault and therefore does not remain con-
stant. In general, p(0) is not a linear function of the temperature;
however, if we assume that the temperature varies in a small
range, we can approximate p(6) with a Taylor series. The Taylor

series is a linear representation of a function as an infinite sum
of terms based on the values of its derivatives evaluated at an
initial point. It is normally acceptable for accuracy to use a finite
number of terms of the series to approximate the function.

As a consequence, the resistivity can be written as a Taylor
polynomial as a function of 6:

X ,(n)
p0)=3" 21 (g gy p(80)+ 0D (80)(6—60)

n!
=p(6o)+p(0o) g, (0—00) = p(o)[1+ g, (0—00)] (A2)

where the subscript (n) indicates the nth derivative of the
resistivity p with respect to the temperature 6, evaluated at the
initial temperature 0y; p(6p) represents the resistivity of the PE
at the initial temperature 6y; ago = p)(6p)/p(6o) is the tem-
perature coefficient of resistivity of the material of the PE at the
initial temperature 60.

We can write

p(6) = p(0°)(1 + agh). (A3)

To calculate the heat accumulated in the protective conductor
during the ground fault, we need to integrate left- and right-
hand sides of (A1) between: the instant ¢ = 0 of the inception
of the fault, and the instant ¢y of disconnection of the supply;
the temperature 6 of the PE at the inception of the fault and its
final temperature 6 when the fault is cleared.

We obtain
7 a6 27 s
Pdt=c.5? | L= / . A4
0/ Jo o)) ey Y

Solving the above integral by substitution of the variable
[3], we obtain

ty ) 1+Oé(]'0f )

S d S 1 0
/z'?dt:c / ar _ o g, 1l oy
appPo T ogpo 14 apby

0 14000

In order to prevent damages to the insulation of the PE, the
final temperature ¢, in (A5) must not exceed the maximum
temperature 0, that its insulation can withstand. Hence, if we
replace 0 with 0, we can define the parameter k? as

c 1+ apbnr

k2 = In .
ap-po 1+ 0o

(A6)
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