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Experimental Validation of the Adiabatic
Assumption of Short-Circuit Tests on Bare
Conductors

Jordi-Roger Riba, David Gonzéalez, Pau Bas-Calopa, and Manuel Moreno-Eguilaz

Abstract— According to various international standards, many
high-voltage devices must withstand short-circuit tests. Due to the
enormous power and current requirements, they have to be tested
in very specialized and expensive power laboratories, which are
scarce and not affordable for the vast majority of electrical
product manufacturers. It is proposed to break the time limit of
about one second imposed by the standards by using a lower
current to heat for a longer time, requiring more affordable
equipment and thus reducing the cost for testing. This work
analyzes the limits of the adiabatic assumption in short-circuit
tests in order to quantify how the duration of these tests can be
extended to reduce the power required and the current applied,
while obtaining almost the same results, i.e., the same temperature
at the end of the heating phase of the tests. For this purpose, bare
cylindrical conductors are analyzed and the temperature
dependence of the properties of the conductor material is
considered. Experimental and simulation results presented in this
paper suggest that by applying this approach, short-circuit tests
intended for product design, verification and quality control can
be performed in much less demanding and affordable laboratory
facilities.

Index Terms— adiabatic, finite element method, short-circuit,
simulation, temperature rise, thermal model, tests

I. INTRODUCTION

POWER systems are experiencing a steady growth
worldwide, thus leading to an increase in short-circuit levels
[1]-[3]. Short-circuits are among the most common fault modes
in electrical networks, and are complex electromagnetic
transient phenomena that have received much attention in the
scientific field [4]. Short-circuits are considered damaging fault
modes, because they can cause severe thermal and mechanical
stress on the components involved [5], [6], thus increasing the
risk of power system failure [7]. Because of their damaging
effects, electrical protections must clear short-circuit faults as
quickly as possible. However, electrical protection devices take
some time to clear short-circuits, tend to generate particularly
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high temperatures [8] and have the potential to produce
powerful faults [9], so electrical protections play a critical role
in ensuring that short-circuit currents do not cause irreversible
damage to the electrical equipment involved.

Itis essential to test electrical components to ensure that fault
currents do not compromise their safety limits. By limiting the
temperature rise during the short-circuit condition, the life of
the equipment involved is usually increased [10].

Short-circuit tests are often referred to in the international
standards such as the IEC 60909 [11], the IEC 62271-1 [12],
the IEC-60694 [13], the ANSI C37.51a [14] or the IEEE Std.
C37.20.1 [15] as short-time withstand current test and peak
withstand current test. Electrical equipment such as substation
connectors, conductors, control gear, switchgear, or power
transformers among others, must be tested and certified
according to such standards. Most electrical equipment is
required to endure short-time withstand currents in the
kiloampere range, typically from a few kiloamperes to several
tens of kiloamperes [2], usually for a duration of 1 s, although
other durations are allowed depending on the standard. For
example the IEC 62271-1 standard [12] allows the duration to
be extended up to 5 s under certain circumstances.

It is important to have a thorough knowledge of the dynamics
of the short-circuit and to develop accurate mathematical tools
to predict the temperature rise during the short-circuit, as this
can lead to better designs of the equipment involved [16]. Short-
circuit analysis is therefore a fundamental tool for determining
the thermal rating of electrical equipment [17] and ensuring that
it can withstand such harsh conditions without suffering
irreversible damage or significant reduction in lifetime [2].

Short-circuit tests and high-current busbars have been widely
simulated using finite element simulations [18]-[21] although
in some cases, particularly for cylindrical, very accurate results
can be obtained by solving analytical equations [22], [23],
which are often simpler and faster to use.

Due to its short duration, adiabatic conditions are often
assumed during the heating phase of the short-circuit [24].
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Thus, it is generally accepted that the adiabatic criterion can
only be applied if the heating phase lasts for a short time [21],
but there are no specific rules to define this “short time”. This
paper focuses on this aspect because if the adiabatic assumption
could be applied to longer duration short-circuits, it would
simplify the energy and material requirements of the expensive
facilities needed to perform such tests. Because of the huge
instantaneous power requirements and the short duration of the
current delivered [25], short-circuit tests must be carried out in
very expensive and select power laboratories, which are beyond
the reach of the vast majority of manufacturers of electrical
products. This means that customers often have to wait a long
time for their products to be tested, the tests are expensive and
are carried out by technicians from the external laboratory, so
the testing expertise does not remain with the manufacturer's
staff. However, if the adiabatic approach can be applied for a
longer time, the short-circuit duration can be extended,
drastically reducing both the current and the instantaneous
power required for the test. For example, if the short-circuit
duration can be extended from 1 s to 25 s, since the power
requirement is almost proportional to IR, the current level can
be reduced by about 5 times, while the instantaneous power can
be reduced by about 25 times. This means that such tests can be
performed in a much less demanding and much more affordable
laboratory.

This paper focuses on this topic by experimentally studying
the thermal behavior of a cylindrical copper conductor and
corroborating the results with software tools programmed by
the authors of this work which, by solving the non-steady state
heat balance equation, reproduce the thermal behavior of the
conductor during both the heating and cooling phases of the
short-circuit test. From the results obtained, the duration of the
short-circuit that can be considered as adiabatic is derived and
the necessary corrections are proposed. To the best of the
authors’ knowledge, there are no articles dealing on this aspect.

Il. TRANSIENT THERMAL MODEL OF THE CONDUCTOR

The temperature of a bare conductor depends on the self-
generated Joule heating and the external ambient temperature.
As current flows through the metallic conductor material,
usually copper or aluminum, heat flows from the conductor
through the air.

The short-circuit current has a transient behavior, i.e., the
current is not constant during the fault condition. This paper
deals with the root-mean-square (RMS) value of the current
during the duration of the short-circuit test because it is
suggested by international standards such as the IEC 62271-1
[12]. It is also suggested that the nominal duration of the short-
circuit be set at 1 s, although 0.5 s, 2 s and 3 s are also
acceptable.

Although short-circuits produce a brief but intense
mechanical stress, this stress is not evaluated in this paper
because it requires different approaches and because the
mechanical stress in cylindrical conductors and busbars is often
limited [26]. In addition, conductors have to undergo various
standard mechanical tests (stress-strain test, ultimate breaking
load test, breaking load of individual wires, stress-strain test,

ductility, etc.) which are more demanding from a mechanical
point of view than the short circuit condition.

A. Non-steady state heat balance equations

Both the IEEE Std. 738 [22] and CIGRE [23] develop the
non-steady-state heat balance equation for a bare conductor,

IQMSR(T)=R+Pr—PS+mcp(T)Z—-|t— [W/m] 1)

I [A] being the RMS value of the short-circuit current, R
[Ohm/m] the resistance of the conductor per unit length, Pc
[W/m] and P, [W/m] are the heat loss terms per unit length due
to convective and radiative cooling, respectively, Ps [W/m] is
the solar heat gain term per unit length, m [kg/m] the mass of
the conductor per unit length, cp(T) [J/(kgK)] the specific heat
capacity of the conductor material and T [K] the absolute
average conductor temperature.

The temperature dependence of the resistance is given by,

R(T) =R, [L+a(T -T,)] @

To [K] being a reference temperature, usually 293.15 K i.e., 20
°C, T [K] the average temperature of the conductor and o [K™!]
is the temperature coefficient of the resistance.

In indoor conditions, where there is no rate of heat gain from
the sun,

126R(T) =P+ P, +me, (1) ST wim] ®)
Assuming natural convection (still air), the heat loss term per
unit length due to convective cooling can be expressed as [22],
P =hzD(T -T,,) [W/m] 4)

where D is the diameter of the conductor. According to [22],
the heat transfer coefficient can be calculated as,

h=30 poep e T, 0= i) O)

T
Radiative heat loss per unit length can be expressed as [22],
R =2oxD(T* ~Ts) [Wim] ©)

where ¢ = 5.67-10°° W/(m?K* is the Stefan-Boltzmann
constant, and ¢ is the emissivity coefficient, which is assumed
to be 0.5 [27], [28].

According to the IEEE 738 Std. [22], the density of air
depends on the elevation of the conductor H [m] above sea level
and the temperature of the air in the boundary layer of the
conductor as,

-4 9,112
Pur 21.293—1.525-10 H+6.37910"H dt [kg/m3]  (7)
1+0.00367(T,, +T)/2

Tair [K] being the absolute ambient air temperature.

Equation (3) can be solved iteratively by calculating the
incremental temperature at each time step as,

2
g7 2 fesRM-F =P o [K] (8)

mc,

By integrating (8) between t = 0 and any arbitrary time t in
time steps At = ti+1 — ti from T = Tinsiar (initial conductor
temperature), it is not difficult to find the evolution of the
conductor temperature with time,

IéMS R(Ti) - Pc,t, - Pr,l,
mc, (T;)

Ta=T+ (ti+1 _ti) [K] (9)
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Note that (9) applies to both phases of the short-circuit.
During the heating phase (0 <t; <ts) the term I%rmsR(Ti) applies.
At the end of the short-circuit, i.e., when t; = ts, the conductor
reaches its maximum temperature Ti = Tnax. FOr ti > ts the
current is zero and the temperature of the conductor cools down.
It is worth noting that Tmax is an important parameter extracted
from the short-circuit, which can be used to determine whether
or not the sample under test has passed the standard short-
circuit test.

B. Non-steady state heat balance equations under adiabatic
conditions

Short circuits usually last a short time due to the inherent
delay of the protection devices. Therefore, the duration of
standard short-circuit tests is usually very short, ranging from
less than a second to a few seconds. For example, according to
the IEC 60909-0 standard [11], which describes the
characteristics of short-circuit currents in three-phase
alternating current systems, the rated duration of short-circuit
tests is 0.5 s or more, which is similar to the preferred duration
suggested by the IEC 62271-1 [12], which is 1 s, although
durations of 0.5 s, 2 s, and 3 s are also allowed. These short
times allow the adiabatic assumption to be applied with great
accuracy to determine the final temperature reached by the test
object during the short-circuit test, as will be shown below.

Under adiabatic conditions, i.e., when there is no heat or
mass transfer between the conductor and the environment, P¢ =
Pr = 0. When applying the adiabatic approach, it is assumed that
the heat generated during the short-circuit due to the Joule
losses is completely used to raise the temperature of the test
object, so that (8) can be expressed as,

dqT - 124 R(T), dt = =9 Ry L+ a(T -Ty)] dt (10)
me, (T) me, (T)
From (10), it results,
= i +M(ti+1 -t) (11)
me, (T;)

Thus, by iterating from t = 0 to t = tsc (short-circuit duration)
in time steps At = ti+1 — ti from T = Tiniga, it is not difficult to
find the final conductor temperature Tmax at the end of the short-
circuit duration. It should be noted that equations (9) and (11)
have been solved using Matlab® scripts written by the authors
of this work.

I1l. FEM SIMULATION OF THE TRANSIENT THERMAL MODEL
OF THE CONDUCTOR

The method described in Section 11 applies only to cylindrical
conductors or elements with cylindrical geometry. However,
short-circuit tests can be applied to electrical products with
more complex geometry, where the method based on the
solution of (9) cannot be applied because it assumes a
cylindrical geometry. In such cases FEM simulations are a good
alternative [18], although they are more time consuming and
require more intensive computational resources.

In this paper a multiphysics three-dimensional FEM model
based on the equations detailed in Section Il is built in the
Comsol® Multiphysics environment, as an alternative and

internationally recognized method to evaluate the accuracy of
the equations detailed in Section II. Although FEM is used in
this paper as a verification method in a standard cylindrical
problem, this is only a starting point. In the case of complex
geometries, FEM is a valuable method for obtaining an accurate
solution. The three-dimensional tetrahedral mesh applied to the
studied conductor geometry consists of 1530938 tetrahedral
elements, 228160 triangular elements, and 12800 edge
elements.

Resistive or Joule losses are the heat source of the FEM
model, providing the link between the thermal and
electromagnetic physics. The applied heat loss terms due to
natural convection and radiation are as (4) and (6), respectively.

Fig. 1 shows the mesh applied to the analyzed three-
dimensional FEM model of the conductor.

Fig. 1. Mesh applied to the analyzed three-dimensional FEM
model of the conductor.

IV. EXPERIMENTAL TESTS

A. Experimental setup

Several experimental short-circuit tests were carried out in
the  AMBER high-voltage laboratory of the Universitat
Politéecnica de Catalunya. For this purpose, a high-current
transformer (max output voltage 10 V, max output current 14
kApeak) was used. It allows both the output voltage and current
to be regulated, as well as the short-circuit duration. The output
terminals of the high-current transformer were connected
directly to the conductor loop, as shown in Fig. 2.

Rogowski coil |

Conductor under test

High-current transformer

Fig. 2. Experimental setup used in the AMBER high-voltage
laboratory.

The output current of the transformer was measured using a
calibrated Rogowski coil (CWT300, 0.1 mV/A, £1%, Imaxpeak =
60 kA, PEM Ltd., Nottingham, UK) at a rate of 2500 samples/s.
Temperature measurements were made using 0.2 mm diameter
welded-tip T-type thermocouples (temperature range from —75
to + 400°C) placed in the central strands of the copper
conductor. Readings from the thermocouples were acquired
every 100 ms using an OMEGA DAQ USB-2400 acquisition
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card. Experimental tests were performed under atmospheric
conditions at 12 °C. Tests were performed by applying short-
circuit currents between 5700 and 6300 Arws.

Fig. 3 shows the current waveform during a 2 s short-circuit.
It can be seen that the short-circuit current decreases with time
due to the increase in conductor resistance caused by the
temperature rise during the heating phase of the short-circuit.

-0. X . Timé © . X . )
<
| | | Time (s)A A A b)

Fig. 3. a) Current evolution during a short-circuit test of 2 s
duration. b) Detail of the 50 Hz current waveform in the 1.00 —
1.05 s range.

It should be noted that the ambient temperature was kept
constant during the short-circuit test. Prior to the tests, it was
ensured that the test conductor was at room temperature. The
short-circuit tests were carried out on a bare stranded copper
conductor, the main characteristics of which are summarized in
Table I.

TABLE |

CONDUCTOR DIMENSIONS AND CHARACTERISTICS
Characteristic Value
Effective copper cross section [mm?] 70
Outer conductor diameter [mm] 9.5
Copper resistivity 20°C [Ohm-m] 1.85-108
Temperature coefficient of resistance [K™] 0.0043
Number of strands [-] 14
Conductor mass per unit length [kg/m] 0.584
Ambient temperature [°C] 12

Fig. 4 shows the temperature dependence of the specific heat
of copper [29], which is used to calculate (9) and (11). It can be
seen that in the range between 273 K and 500 K the specific

heat of copper increases almost linearly with temperature.

u
o
o

400 -

N w

o o

o o
L L

Heat capacity of copper [cp, J/(kgK)]
8

o
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Fig. 4. Temperature evolution of the specific heat cp of copper

[29].

B. Experimental results

o

In order to validate the thermal model of the conductor, the
experimental short-circuit tests described in Table Il were
carried out. Experimental tests are the best tool to validate the
accuracy of the equations developed in Section Il and the FEM
simulations. During these experimental tests, ambient
temperature, electric current, and conductor temperature were
measured according to the sampling frequencies described in
Section IV.A.

TABLE Il
SHORT-CIRCUIT TESTS CARRIED OUT

Test RMS current [A] Duration [s]

#1 6327 1.0
#2 6189 2.0
#3 5934 4.0
#4 5728 6.0

As shown in Table Il, four experimental short-circuit tests
were carried out in the laboratory with different current levels
and short-circuit durations. They were carried out with the test
setup shown in Fig. 2 using the copper conductor whose
characteristics are summarized in Table I. The high-current
transformer has a software program that allows the short-circuit
duration to be selected and controls a fast electronic switch
connected in series with the primary of the transformer. The
current level is controlled by changing the voltage applied to
the primary of the high-current transformer using an
autotransformer. After each test, sufficient time was allowed for
the conductor to return to the ambient temperature of the test
area. The electrical resistance was measured before each test to
check that its value had not changed using a Micro Centurion |1
micro ohmmeter from RayTech [30].

First, the different short-circuit tests described in Table Il
were simulated with the two simulation models, i.e., the three-
dimensional FEM mode and the analytical model resulting from
the solution of (9). The results are shown in Fig. 5.
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350 Fig. 6. Experimental versus simulation results. a) Temperature
5728 Arys, 65 evolution of the conductor during the different short-circuit
300 1 tests. b) Time derivative of the conductor temperature during
o 250 - the tests (short-circuit #2).
'E' 5934 Apys, 4 The results presented in Fig. 6a show the great similarity
g 2001 between experimental results and the simulations carried out by
d 150 1 applying equations (1) — (9). It also shows a very different time
E' 6189 Agys, 2S derivative of the temperature during the heating and cooling
= 100 phases of the short-circuit. Since the temperature rises much
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Black: Eq. (9)
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Fig. 5. Simulation results obtained with the analytical model
given by (9) versus FEM simulations.

The results from Fig. 5 show equivalent results from both
simulation models and therefore, due to the much reduced
computational resources and much less computational time, i.e.,
5000 s FEM simulation versus 0.030 s by applying (9) using an
AMD Ryzen Threadripper 3960X 24-Core Processor, 3800
Mhz, with 48 GB RAM. Therefore, all simulation results
presented from now on are based on solving (9) and (11). It
should be noted that for more complex geometries the three-
dimensional FEM model should be used.

Fig. 6 shows the temperature evolution of the conductor
during the experimental short-circuit tests shown in Table Il and
the results of solving (9).
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faster during the heating phase than it falls during the cooling
phase, the adiabatic assumption is expected to apply. The
results presented in Fig. 6 also show an almost linear decrease
in temperature with time during the cooling phase of the short-
circuit.

In order to better quantify the results presented in Fig. 6a,
Table 11l shows the maximum experimental temperatures
reached during the different short-circuit tests and those
predicted by the simulation model.

TABLE 111
MAXIMUM TEMPERATURES OF THE CONDUCTOR (DIAMETER =
9.5 MM) BASED ON EXPERIMENTS AND SIMULATIONS

Maximum conductor temperature [°C]
#Test; RMS current,

time Simulation Experimental Difference
#1, 6327 A, 1s 60.64 58.7 3.24%
#2; 6189 A, 2s 107.9 105.9 1.89%
#3; 5934 A, 4s 209.4 209.3 0.05%
#4, 5728 A, 6s 319.8 317.7 0.79%

The results presented in Table 11 clearly show the accuracy
of the transient thermal model of the conductor, since the
maximum temperatures predicted by the model and the
experimental ones are very similar. It should be noted that
industrial short-circuit tests are usually limited to temperatures
below 250 °C [31], [32], so the model given by (9) has been
tested beyond the requirements of the international standards.

In order to better understand the contributions of all terms in
equation (3), Table IV shows their average values for short-
circuit test #2. According to the results shown in Table 1V, the
heating rate is much higher than the cooling rate. Therefore,
during the short-circuit duration (heating phase), the influence
of the convective and radiative cooling terms is very small with
respect to the 1%gmsR heating term.

TABLE IV
CONTRIBUTIONS OF THE HEATING AND COOLING TERMS IN
(3) DURING SHORT-CIRCUIT TEST #2

Test phase Heating term Cooling terms
lrus?R [W/m] P, [Wim] P, [W/m]
Heating phase (0-2 s) 11532.7 11.1 4.6

V. VALIDITY OF THE ADIABATIC ASSUMPTION DURING THE
HEATING PHASE OF SHORT-CIRCUIT TESTS

Products intended for power applications are designed to
safely withstand their rated short-circuit current without
suffering mechanical damage. This section analyzes the validity
of the adiabatic assumption to determine the maximum
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temperature of the conductor during the short-circuit test. This
is done based on the simulation model because of its high
accuracy, which has been validated with experimental results.
In order to validate the accuracy of the adiabatic approach, the
results presented in this section assume a target temperature at
the end of the short-circuit duration of 250 °C, although some
standards (e.g. IEC 62271-1 [3]) do not propose a specific
maximum temperature at the end of the short-circuit.

A. Validity of the adiabatic approach

As explained, the adiabatic approach assumes no heat or
mass transfer between the conductor and the environment.
Therefore, convective and radiative cooling effects are
neglected (P = P = 0) during the heating phase of the short-
circuit. To validate the applicability of the adiabatic
assumption, two types of simulations are carried out. The firsts
are based on the full thermal model (non-adiabatic assumption),
while the seconds neglect convective and radiative cooling
effects. The results are summarized in Table V.

TABLE V
MAXIMUM CONDUCTOR TEMPERATURE (DIAMETER = 9.5
MM) BASED ON SIMULATIONS ASSUMING NON-ADIABATIC AND
ADIABATIC CONDITIONS

Maximum conductor temperature [°C]

#Test; RMS current, time - Adiabatic
Non-adiabatic . .
. assumption Difference

assumption (9) (11)
#1;6327 A, 1s 60.64 60.67 0.05%
#2; 6189 A, 2s 107.9 108.0 0.09%
#3; 5934 A, 4s 209.4 210.1 0.14%
#4; 5728 A, 6s 319.8 322.2 0.62%

The results presented in Table V clearly show the validity of
the adiabatic assumption of the short-circuit tests performed in
this work.

Next, in order to determine the validity of the adiabatic
assumption, several simulations are carried out assuming
different short-circuit durations in which the maximum
temperature of the conductor is 250 °C, the practical limit
suggested by some works [31], [32]. For this purpose, the
current level in each simulation test is adjusted so that the
maximum temperature of the conductor at the end of the heating
phase of the short-circuit is 250 °C. Simulations were carried
out assuming short-circuit durations in the range of 2-20
seconds, considering adiabatic and non-adiabatic conditions, by
applying equations (9) and (11), respectively. The results
obtained are summarized in Table VI.

The results presented in Table VI show that the short-circuit
can be extended up to 20 seconds in order to keep the
temperature difference between non-adiabatic and adiabatic
conditions below an arbitrary value of 5 °C (2% difference with
respect to 250 °C).

TABLE VI
MAXIMUM CONDUCTOR TEMPERATURE (DIAMETER = 9.5 MM)
BASED ON SIMULATIONS ASSUMING NON-ADIABATIC AND
ADIABATIC CONDITIONS

Maximum conductor temperature [°C]

Test conditions Non-adiabatic Adiabatic Difference
RMS current, time assumption (9) assumption (11) [°C]
12824 Als 250.0 250.2 0.2
9073 A, 2s 250.0 250.5 0.5
5246 A, 6's 250.0 2514 14
3718 A, 125 250.0 2529 2.9
3042 A, 185 250.0 254.2 42
2884 A, 20s 250.0 254.7 47
2640 A, 24 s 250.0 255.6 5.6

B. Validity of the adiabatic approach. Effect of the conductor
radius

Since the heat is generated throughout the volume of the
conductor and the cooling by radiation and convection is
directly proportional to the surface area of the conductor as
shown in (4) and (6), the smaller the ratio of surface area to
volume of the conductor, the less heat it will lose relative to its
volume, so that cooling is less effective for larger diameter
conductors [33]. Therefore, the relative rate of cooling
decreases as the radius of the conductor increases,

dT  Area _2zrL 1
dt Volume #r’L r

According to (12), as the radius of the conductor increases,
its volume increases faster than its surface area, so the cooling
rate decreases and the adiabatic assumption should be more
accurate. This is because the denominator in (12) controls the
rate of heat generation while the numerator controls the rate of
cooling (radiation and convection terms).

In this subsection a larger copper conductor is analyzed, the
main parameters of which are summarized in Table VII.

(12)

TABLE VII
PARAMETERS OF THE COPPER CONDUCTOR WITH LARGER
DIAMETER
Characteristic Value
Effective copper cross section [mm?] 185
Outer conductor diameter [mm] 15.3
Copper resistivity 20°C [Ohm-m] 1.85-108
Temperature coefficient of resistance [K™] 0.0043
Number of strands [-] 36
Conductor mass per unit length [kg/m] 1.521
Ambient temperature [°C] 12

Simulations were then carried out using the copper conductor
with a larger external diameter (15.3 mm instead of 9.5 mm),
the results of which are shown in Table VIII. These simulations
assume different durations for the heating phase of the short-
circuit and the applied current is chosen so that the maximum
temperature of the conductor at the end of the short-circuit is
250 °C.

Comparing the results presented in Table VI (outer conductor
diameter = 9.5 mm) with those presented in Table VIII (outer
conductor diameter = 15.3 mm), it can be seen that the adiabatic
approach is more accurate for larger conductors because the
relative cooling rate decreases as the conductor diameter
increases, as shown in (12). Therefore, for larger diameter
conductors, the adiabatic approach can be applied for longer
duration short-circuits. Furthermore, larger conductors have a
lower resistance per unit length. These results suggest that if the
temperature rise but not the mechanical behavior of the element
under test is evaluated, short-circuit tests can be performed by
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applying a reduced current at the expense of a longer short-
circuit duration. This is very practical because it significantly
reduces the instantaneous power and equipment requirements,
allowing the use of less expensive equipment. For example, in
the case of conductors with a diameter of 15.3 mm, the short-
circuit duration can be up to 36 s, so in this case the short-circuit
current is 5532.3 A compared to the 31924.4 A required for a 1
s short-circuit. Therefore, the current is reduced by a factor of
5.77, while the electrical power required is reduced by a factor
of approximately 5.772 = 33.3. For the cases analyzed and
assuming a conductor of 1 m length, this means that the
instantaneous power is reduced from approximately 200 kW to
only 6 kKW. It should be noted that these respective factors are
not exactly 6 and 36, as it would be expected if 1%rustsc Were a
constant value, mainly due to the temperature dependence of
the resistance and specific heat of the conductor material, as
well as the temperature dependence of the radiative and
convective cooling terms. This approach opens up more
possibilities, since the duration of the experimental short-circuit
test could also be longer and thus the maximum temperature
reached could be corrected by software.

TABLE VIII
MAXIMUM CONDUCTOR TEMPERATURE (DIAMETER = 15.3 MM)
BASED ON SIMULATIONS ASSUMING NON-ADIABATIC AND
ADIABATIC CONDITIONS

Maximum conductor temperature [°C]

RMS current. time Non-adiabatic test Adiabatic Difference

' 9) assumption (11) [°C]
319244 A, 1s 250.0 250.1 0.1
229445 A, 2s 250.0 250.3 0.3
13404.2A,6 s 250.0 250.8 0.8
9517.0A,12s 250.0 251.7 1.7
77875A,18s 250.0 2525 25
67555 A, 24 s 250.0 253.3 3.3
6051.5A,30s 250.0 254.1 4.1
5532.3 A, 36's 250.0 254.9 49

To better understand that the relative cooling rate decreases
as the conductor diameter increases, Table X analyzes the final
temperature of two conductors of different sizes for the same
test conditions (current level and short-circuit duration),
assuming non-adiabatic and adiabatic conditions.

TABLE IX
MAXIMUM TEMPERATURES OF TWO CONDUCTORS (9.5 MM AND
15.3 MM DIAMETER) BASED ON SIMULATIONS ASSUMING NON-
ADIABATIC AND ADIABATIC CONDITIONS

Maximum conductor temperature [°C]
Non-adiabatic/adiabatic =~ Non-adiabatic/adiabatic

RMS current, time Conductor 9.5 mm Conductor 15.3 mm

12000 A,1s 211.3/211.5 37.5/37.5
9000 A, 2s 244.9/245.3 39.5/39.5
5000 A, 6s 221.2/222.4 36.6/36.6
3500 A, 12s 214.5/216.8 35.8/35.9
3000 A, 18 s 241.2/245.2 38.2/38.4
2500 A, 24 s 217.7/222.3 36.1/36.3

The results presented in Table IX show that the larger
conductor heats up much less than the smaller one due to the
difference in cross section. As expected, the temperature

difference between adiabatic and non-adiabatic conditions is
always smaller for the larger conductor.

As an example, Table X shows the RMS value of the current
required for the 15.3 mm conductor to reach 250 °C assuming
that 1%rustse, also known as the Joule integral [34], is a constant
value for different short-circuit durations, as well as the
required current level in real environments, i.e., under non-
adiabatic conditions.

TABLE X
CURRENT LEVEL REQUIRED FOR THE 15.3 MM CONDUCTOR TO
REACH 250 °C ASSUMING THAT I%rustsc IS A CONSTANT VALUE
FOR DIFFERENT SHORT-CIRCUIT DURATIONS

Applied RMS current [A] Current ratio

Test duration Adiabatic ~ Non-adiabatic test [T .
tsc aSSUmptiOn (11) (Table 7) non-adiabatic/ ladiabatic
1s 31924.4 31924.4 1.000
2s 22574.0 229445 1.016
6s 13033.1 13404.2 1.028
12 9215.8 9517.0 1.033
18s 7524.7 7787.5 1.035
24s 6516.5 6755.5 1.037
30s 5828.6 6051.5 1.038
36s 5320.7 5532.3 1.040

It is possible to extend the short-circuit duration beyond the
values given in Tables VIII and X. If the short-circuit duration
is extended beyond the adiabatic limit, the maximum
temperature reached at the end of the heating phase of the short-
circuit would be lower than that reached in a standard short-
circuit with a duration of 1 s and applying an equivalent I2rustsc.
Therefore, by applying (9) in the case of cylindrical samples or
from FEM simulations for more complex geometries, it is
possible to correct this temperature to match that of the standard
short-circuit test.

VI. CONCLUSION

Standard short-circuit tests can only be performed in very
specialized and expensive power laboratories due to the high
electrical power and short duration current requirements, which
are beyond the reach of the vast majority of electrical product
manufacturers. This paper has analyzed the applicability of the
adiabatic assumption in short-circuit testing. Adiabatic
conditions assume that there is no heat or mass transfer between
the conductor and the environment, so that convective and
radiative cooling can be neglected, and it is assumed that all the
heat generated during the short-circuit due to the Joule losses is
completely used to raise the temperature of the conductor. This
approach is of interest because it allows the duration of these
tests to be increased with almost the same results, while the
increased duration allows a large reduction in short-circuit
current levels and instantaneous power requirements. This
means that tests for product design, verification and quality
control can be performed in a much less demanding and much
more affordable laboratory, significantly reducing laboratory
and testing costs. The maximum allowable temperature
difference between non-adiabatic and adiabatic conditions
depends on the expected temperature rise, customer
requirements and the accuracy of the temperature sensors. In

Authorized licensed use limited to: UNIVERSITAT POLITECNICA DE CATALUNYA. Downloaded on June 02,2023 at 13:21:45 UTC from IEEE Xplore. Restrictions apply.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Power Delivery. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TPWRD.2023.3281599

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 8

general, a temperature rise of at least 250 °C is expected during
the short circuit [35], so the allowable temperature difference
could be set at around 5 °C, giving a relative temperature error
of 2%. Based on this assumption, the paper has shown that
reductions of six times the short-circuit current and about 36
times the required short-circuit power are possible by
increasing the short-circuit duration. Even greater current
reductions are possible by testing well beyond the adiabatic
limit and applying the corrections proposed in this paper.
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