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Abstract: In electric vehicles, currents with high-frequency ripples flow in the power cabling system
due to the switching operation of power converters. Inside the cables, a strong coupling between the
thermal and electromagnetic phenomena exists, since the temperature and Alternating Current (AC)
density distributions in the strands affect each other. Due to the different time scales of magnetic and
heat flow problems, the computational cost of Finite Element Method (FEM) numeric solvers can
be excessive. This paper derives a simple analytical model to calculate the total losses of a multi-
stranded cable carrying a Direct Current (DC) affected by a high-frequency ripple. The expression of
the equivalent AC cable resistance at a generic frequency and temperature is derived from the general
treatment of multi-stranded multi-layer windings. When employed to predict the temperature
evolution in the cable, the analytical model prevents the use of complex FEM models in which
multiple heat flow and magnetic simulations have to be run iteratively. The results obtained for the
heating curve of a 35 mm? stranded cable show that the derived model matches the output of the
coupled FEM simulation with an error below 1%, whereas the simple DC loss model of the cable
gives an error of 2.4%. While yielding high accuracy, the proposed model significantly reduces the
computational burden of the thermal simulation by a factor of four with respect to the complete
FEM routine.

Keywords: cable; thermal analysis; skin and proximity effects; battery storage; ampacity

1. Introduction

Due to the ongoing effects of climate change, a significant reduction in greenhouse gas
and pollutant emissions has become crucial. Such reduction demands a rapid transition
from thermal to electrical transportation [1-7]. Electric vehicles require the use of onboard
energy sources and storage systems such as fuel cells [8] and electrochemical batteries [9].
Battery electric vehicles are the most promising technology, although the actual electro-
chemical technology still needs improvements [10]. One of the main limitations to tackle
is the reduction in volume and weight of battery cells so as to achieve higher values of
specific power (kWh/kg) and power density (kWh/m?). To this aim, abundant research
on promising chemistries for the electrode and electrolyte materials has been carried on in
recent years [11-14]. Besides the inherent tradeoff between weight or volume and vehicle
mileage, other technical issues associated with the correct management of the battery pack
also exist. In fact, the use of a battery management system able to monitor the electrical
and thermal behavior of the cells is mandatory, and optimized thermal management is of
utmost importance to obtain a lighter and more compact battery pack for a given power
rating [15]. Indeed, the removal of heat from the cells due to the flow of current and the
internal entropy variation is one of the causes that lead to a reduction in the power density
of the battery pack. The thermal behavior of electrochemical cells is widely studied in the
literature, and numerical and model-based techniques have been proposed for the correct
evaluation of the thermal state of the cells [16-19]. The correct performance of a battery
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electric vehicle depends also on the proper operation of external devices attached to it, such
as the DC/DC converters used as an interface to the electrical drives, the protection devices,
and the wiring system [20]. The power cables play an important role in guaranteeing the
vehicle’s performance, especially from a reliability point of view [21,22]. In fact, due to
the low volume availability and the non-negligible size of the cables, redundant wiring
systems cannot be implemented onboard electric vehicles. Therefore, a failure of the main
power cables between the battery pack and the propulsion system can rapidly lead to
an unexpected stop of the electric vehicle. The damage and complete failure of power
cables occur due to rapid degradation of the insulation, which can be caused by excessive
electrical stress or overheating [23].

Virtually all the battery packs employed onboard EVs are interfaced with the traction
and auxiliary loads through static power conversion stages. For this reason, the battery
cabling system usually operates with distorted DC currents characterized by high-frequency
ripples. Evaluating the thermal behavior of the cable in this condition is nontrivial, due to
the mutual correlation between heat generation and electromagnetic phenomena, such as
skin and proximity effects occurring in the conductor bundles [24,25]. On the other hand,
the electrical power demanded by electric propulsion usually varies with fast dynamics
determining sudden changes in the cable current, making transient analyses necessary.
Complete numerical approaches based on the Finite Element Method (FEM) are often
employed in the literature [26-30]; however, the high computation time required by the
FEM simulations on a real multi-stranded cable geometry makes the method of application
difficult for transient thermal simulations. The main idea of this paper is to derive a simple
analytical model that provides a good estimation of the losses in high-power battery cables
due to the flow of currents affected by high-frequency ripples. The model builds upon
the premises of analytical equations known in the literature for the AC losses of round
conductors in multi-layer transformer windings [31,32] and matches with good accuracy the
results of electromagnetic and thermal FEM simulations. Thus, it can represent a fast and
affordable means to evaluate the transient thermal behavior of the battery cabling system.

The remainder of this paper is organized as follows: Section 2 briefly introduces
a typical battery EV powertrain architecture and its power cabling systems. Section 3
presents analytical loss models for multi-stranded cables carrying pure AC and distorted
DC currents and provides a relation for the calculation of cable resistance at a generic
temperature and frequency; in Section 4, the accuracy of the analytical loss models is
assessed through the use of magnetic FEM simulations; in Section 5, a transient analysis
of the cable heating is carried out using the simple method proposed in the paper and
compared to that obtained by a full numerical routine comprising magnetic and thermal
FEM simulations. Finally, Section 6 remarks on the methods and the results of the work
and draws conclusions.

2. Battery Electric Vehicles Cabling System

Electric vehicles require an intensive adoption of power electronic converters, as they
enable a flexible exchange of power between the battery pack, the propulsion motor drives,
the auxiliary loads, and the onboard or offboard chargers. Figure 1 gives a sketch of a
typical power circuit scheme of a battery EV, comprising the propulsion system and the
onboard AC charger.

The DC/DC power converters play an important role in interfacing the battery pack
with external power sources and loads. In fact, one DC/DC converter is often connected
between the battery pack and the traction inverter to adapt the battery voltage to the level
of the DC link and provide a stabilized voltage at the inverter input terminals. One more
DC/DC converter is always included in the onboard charger to control the recharge of the
battery pack from the external AC supply as prescribed by the charging profile and BMS
limitations. As is well known, the operation of the power converters inevitably introduces
some harmonic distortion in the currents and voltages of the power system and places extra
stresses on every component of the drivetrain. For its part, the vehicle wiring system must
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be designed to withstand a number of stress factors, namely, steep voltage transients at the
motor terminals, high environmental temperatures, and non-negligible ripple content in the
DC current drawn from the battery. As is clear from the circuit scheme, such high-frequency
ripples are always present in the battery current, since power converters are operating
during both propulsion and vehicle recharging.

GRID i  AC/DC+DC/DC

i
=
=
i

I

T
MOTOR DC/AC DC/DC BATTERY

Figure 1. Typical EV power circuit including the propulsion system, the onboard charger, and the
power cables.

For high-voltage EV applications, single-core multi-stranded high-temperature ca-
bles with PVC or silicon rubber insulation are usually employed in the DC stages of the
propulsion system. The physical dimensions of the conductor core and insulation, as well
as the nominal number of strands and their diameter for every standard cross-section, are
prescribed by industry standards that cable makers are required to comply with [33,34].
Due to the multi-stranded geometry of power cables and the high-frequency harmonic
of the battery current, additional Joule losses related to skin and proximity effects among
strands can occur. Under particular ambient conditions, these extra Joule losses may cause
excessive overheating, with a consequent fast degradation or even complete failure of the
insulation layer. Therefore, an adequate evaluation of the cable’s thermal behavior is of
primary importance for the design and validation of the battery wiring system. In fact, a
robust design can prevent accelerated aging, which can cause the intervention of protection
devices or the fatal failure of the system, with consequent safety hazards [23].

3. Modeling of Cable Losses
3.1. Sinusoidal Current Waveform

The power dissipation per unit length Py of a round conductor subjected to an exter-
nal magnetic field H and carrying a sine current of amplitude Iy at frequency fy can be
expressed as [35]

_ Pl _ /770
Po= s (&) = V2T o (4) (1)

where dj is the conductor diameter, p is the material resistivity, and ¢ is the skin depth,

which is given by
0
0=,/ 2
7o fo @

In Equation (1), A is the normalized diameter with respect to the skin depth, i.e,, A = dy/4,
while 11 (A) and 9,(A)) are functions of the real and imaginary parts of the k-th order
Kelvin function bey(x) and their derivatives [36].
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The geometry of a multi-stranded DC cable is schematized in Figure 2. Each strand is
subjected to the magnetic field H produced by the currents in all the other strands inside
the cable. This field can be expressed in polar coordinates as

H(r,0) = rig 3)

27tr2

where [ is the total current carried by the cable, and 7. is the total radius of the cable.

Figure 2. Multi-stranded cable geometry.

By denoting with Ny the number of strands, the power loss density per unit volume
of the cable can be expressed as

_ NoPy
P @
By introducing the packing factor §,
Nor3
p=—3" 5)
rC
and using Equations (1) and (4), the power loss density rewrites as
_ B _ I(%P,B PB 2
P00 =Boor = g () - 2V25-H2(8) (6)

By integrating Equation (6) over the entire cable cross-section, the total AC power
losses per unit length of the cable can be obtained:

—/2”/ ( 0Py () z\fzgf)Hzlpz(A))drde

V2r26r}

pl
m[ P1(A) — BNoy2(A)] 7)

The above result differs from the usual expression of AC losses in multi-stranded
multi-layer transformer windings [32,36] and is peculiar to multi-stranded power cables in
which, differently from transformer windings, the external leakage magnetic field can be
considered of negligible magnitude. From Equation (7), the AC equivalent resistance of the
cable can be derived straightforwardly as

P \fp

Rac = 775 = monoa 91(8) = BNoga(4) ®
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Since the DC resistance per unit length of the cable is simply equal to the ratio between
the resistivity and the cross-section,

4p
Rpc = —— 9
DC Noﬂd% ( )
the AC to DC resistance ratio kp is equal to
kr = 22 = 5= [91(8) — BNog2 ()] (10)
RDC Zf

By recalling that the following Taylor series expansions hold true for {1 (A) and (A),

(D) = zf( + %N - éﬁﬁ +. ) (11a)
1 1
¥ (8) = ﬁ(—ﬁ + ﬁA7+ ) (11b)

and considering the terms up to the third power of A, the ratio kg can be ultimately
rewritten as

1 11 ,5] ., 14+6BNg 4
kg = zf[2f< 358 >+,6Nf25A]—1+ 25 A (12)

Substituting Equation (12) into Equation (10) yields the ultimate expression for the
AC cable resistance at frequency fo:

40 1+ 6pNy 4}
Rac = 1 A 13
AC Nondg[ T30 13)

where the dependency on frequency is not explicit but contained in the normalized skin
depth A.

3.2. Generic Current Waveform

The above analysis can be extended to a generic periodic current waveform with DC
and AC components, as typically encountered in electrical drive systems such as an EV
powertrain. An arbitrary periodic current waveform of fundamental frequency f; can be
expressed by means of its Fourier series expansion as

+oo
i(t) = Inc + Y_ V2I,sin(2rthfot — ) (14)

h=1

where the closed-form expression of I, and ¢y, for numerous waveforms often encoun-
tered in power electronic applications can be found in the literature. The Joule losses
corresponding to such arbitrary current waveforms are then given by

+

h

P=Rpclc+ Y RWIZ = Rpe <1DC+ Yk 1h> (15)
h=1 h=1

where Rgg and k%h) represent the AC cable resistance at frequency & fy and its normalized
value, respectively. The normalized strand diameter at frequency /fy is equal to

on  /1/pmpohfo
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from which the following expression for kgl) is derived:
VhA
k) = Y22 [y (VRA) — BNoys (VRA 17
K= 3o 91 (Vh8) = BNoyz (Vi) | a7)

By recalling the Taylor series expansion provided in Equation (11a,b), Equation (17)
rewrites as |+ 68N
07274
e A
The above expression is useful because it only requires the computation of the nor-
malized skin depth at fundamental frequency fy. Equation (18) can be substituted into
Equation (15) to calculate the total AC losses in the cable for a generic current waveform:

KM =14 (18)

P = Rpc 308

—+00
e+ Y (1 + 1+6ﬁNOA4h2> 15] (19)
h=1

4. Validation with Magnetic FEM Solver

The analytical expression of the AC cable resistance given by Equation (13) is validated
against the results of the 2D Finite Element Method (FEM) software FEMM 4.2. The software
solves the following phasor equation for the complete multi-stranded wire geometry:

V x <1v x A> — YAy - lyv (20)

#(B) P p
where A and J; are the phasors of the magnetic induction vector potential and source current
density, respectively. Several simulations are carried out for different frequencies and
temperatures. This is necessary because the temperature affects the conductor resistivity p,
which in turn influences the AC resistance, both directly through the resistivity temperature
coefficient and indirectly through the skin depth. The comparison is carried out on a
35 mm? high-temperature DC cable for automotive applications whose main parameters
are reported in Table 1.

Table 1. Cable parameters.

Parameter Value
Conductor material Copper
Nominal section 35 mm?
Strand diameter 0.41 mm
Number of strands 276
Ampacity 280 A at 125 °C
Insulation material Silicon rubber
Insulation thickness 1.04 mm
Temperature range —40 °C to +180 °C

The current density distribution inside the individual cable strands as computed by
the FEM solver at 280 A, 20 °C, and for a frequency of 5 kHz and 50 kHz is shown in
Figure 3.

The FEM results show how the impact of skin and proximity effects on the current
density distribution differs between the two cases. At a frequency of 5 kHz, the skin depth
of copper at 20 °C is 0.92 mm, approximately two times the diameter of the strands. For
this reason, the current density distribution is not far from being uniform and has peaks of
9 A/mm?. On the other hand, the skin depth at 50 kHz lowers to 0.29 mm, approximately
0.71 times the strand diameter. Hence, the distribution of ] becomes much more nonuniform
with maximum values of 48 A/mm?, and higher Joule losses occur in the cable.
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3.378e+001 : 3.620e+001
3.137e+001 : 3.378e+001
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2.413e+001 : 2.655e+001
2.172e+001 : 2.413e+001
1.931e+001 : 2.172e+001
1.68%e+001 : 1.931e+001
1.448e+001 : 1.689e+001
1.207e+001 : 1.448e+001
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]
Density Plot: |], MA/m~2 > WY !. it

Figure 3. Current density in the cable at 20 °C and at a frequency of 5 kHz (a) and 50 kHz (b).

The AC equivalent resistance of the cable is evaluated in the post-processing phase
based on the overall losses occurring in the conductor volume and the square of the current:

Sy, pllTIPav
2
1/2( g Iyds)

where S. and V; are the cable cross section and volume, respectively. In Figure 4, the results
of the FEM post-processing given by Equation (21) are compared with those given by the
analytical Equation (13) for different frequencies and temperatures.

Rac = (21)

3 T T T T
—— Analytic
x  FEM

g?r 1
g Temperature: 20 °C

Q

=

1 4

0 Il Il Il Il
0 10 20 30 40 50
3 T T T T
—— Analytic
x  FEM

g2 1
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<
=
a1 -

0 Il Il Il Il
0 10 20 30 40 50
3 T T T T
—— Analytic
x  FEM

g2
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&
&1 4

0 L L L L
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Figure 4. Comparison between analytic and FEM-calculated AC resistances at different frequencies
and temperatures.
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As can be seen, the analytical AC resistance equation matches with high accuracy the
FEM results and proves effective in modeling the high-frequency skin and proximity effects
in the strands and their complex dependency on temperature. Indeed, it is worth remarking
that a higher temperature determines an increase in resistance at DC and low frequencies,
but a reduction in resistance at high frequencies due to the increase in the skin depth. This
is the reason why the cable has a higher resistance at 20 °C than at 180 °C at 50 kHz. The
analytical model properly captures this opposite behavior at low and high frequencies.

5. Application to Thermal Transient Analysis

Thermal calculations of multi-stranded cables in free air require careful consideration
of the mutual couplings between electromagnetic and thermal field problems [37]. In fact,
the temperature inside the strands influences the resistivity and thus the magnetic field and
current density distributions, which in turn determine the power losses inside the cable and
its temperature evolution. While FEM analysis also proves effective in the thermal domain,
the coupling between electromagnetic and thermal fields adds considerable computational
costs, as the time scales of the two problems differ significantly [38]. If a generic current
waveform is considered with multiple harmonic frequency magnetic problems, the compu-
tational burden of a fully coupled FEM model can become excessive. The practical benefit
of using the analytical model of the total cable losses is therefore evaluated with application
to the transient thermal analysis of the 35 mm? cable introduced in the previous section.
A triangular current waveform is considered, which corresponds to the operation of a
DC/DC converter attached to the battery. With reference to the Fourier series expansion in
Equation (14), the following relations apply for a triangular shape [39]:

Ai sin(hnd)
d(1—d)yn2 K2
¢ = —hnd (22b)

Ih — (22a)

where Ai is the peak-to-peak current ripple and d is the duty ratio.

The flowchart of the cross-coupled FEM simulation of the thermal transient is depicted
in Figure 5.

For the triangular current at fundamental frequency fy, the first N, harmonics shall be
considered. At time step k, the temperature distribution inside the strands is used to solve
Nj, FEM magnetic problems at peak current v/2I;, and frequency hfy. The losses due to
the harmonic currents are added to the DC losses and passed as input to the FEM thermal
model that solves the heat flow equations and updates the temperature distribution, which
is then used as the initial state of the subsequent iteration. Given N; steps over the entire
thermal simulation, N; X Nj, magnetic problems plus N; thermal problems must be solved
by two dedicated FEM routines.

On the other hand, the analytical loss model does not need Nj, magnetic problems to
be solved at each time step of the thermal simulation, reducing the total number of FEM
calculations to N;. In fact, at each time step, temperature 6 is employed to calculate the DC
resistance Rpc and normalized strand diameter A. These values are used by Equation (19)
to evaluate the total Joule losses through a single computation. The total losses are then
input to the thermal FEM solver to calculate the evolution of the temperature distribution.

The analysis was carried out for a current of 420 A of DC value (+50% with respect
to the nominal ampacity) and 10% ripple. Natural convection on the external insulation
surface at an air temperature of 60 °C is assumed. Matlab was employed to manage the
iterative execution of electromagnetic and thermal simulations performed by FEMM 4.2 and
for all the required pre- and post-processing calculations and plotting. Figure 6 shows the
temperature distribution inside the cable as computed by the cross-coupled FEM routine
after 10, 20, 30, and 40 min. As dictated by the circular symmetry of the problem, the heat
flows from the core to the outer surface of the cable, and a temperature gradient of 10 to
20 °C is observed between the inner strands and the outer surface of the insulation layer.
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After 40 min, the temperature in the silicon rubber has reached 193 °C, which is above the
maximum continuous temperature rating due to a current higher than the rated ampacity.

Definition of cable geometry

Fourier series expansion
and current waveform

of the current

& 7
start
6(0)
4 O(k+1) ‘ N
4
MAGNETIC DOMAIN
THERMAL DOMAIN Current density distribution at
Temperature distribution temperature 6(k) ?nd frequency f,
inside the cable
(strands and insulation) Current density distribution at

temperature 0(k) and frequency N, f|

»e
A [

P(k) Calculation of Ju(k)
—
total Joule losses

. /

Figure 5. Flowchart for cross-coupled numerical evaluation of the cable thermal transient evolution.
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Density Plot: Temperature (K}

()

Figure 6. Temperature distribution inside the cable as computed by the coupled FEM routine after
10 min (a), 20 min (b), 30 min (c), and 40 min (d).

The variations in the average temperature of the strands and insulation as computed
by the coupled FEM routine and analytical loss model are compared in Figure 7. In the
plots, a third curve is also reported which represents the temperature evolution when only
DC losses are considered, i.e., for P = Rpc I]%C.
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Figure 7. Temperature evolution in the conductors and insulations computed through different methods.

The comparison shows that the complete loss model accurately estimates the losses in-
side the cable and matches the thermal transient curve yielded by the complete FEM routine.
However, it should be remarked that the coupled FEM simulation lasted approximately
17 h, while the one relying on the total loss analytical model lasted 4 h (both simulations
were run on the same machine with 16 GB RAM and a six-core 3.10 GHz processor). On the
other hand, the temperature profile obtained through the simple DC loss model is less ac-
curate and presents an error that increases with the temperature. This increasing deviation
can be explained as follows: The DC loss model underestimates the total cable resistance,
which results in lower Joule losses and a consequently slower temperature increase. On
the other hand, since the cable resistance increases with temperature (both in the DC and
complete loss model), a slower temperature increase determines a slower increase in time
of the internal losses. This inherent bidirectional coupling between temperature and power
losses results in a discrepancy between the complete and DC loss model that increases
with time. Based on the thermal constant of the cable here considered, this discrepancy
becomes visible after 10 min. At the end of the simulation, the difference in the insulation
temperature yielded by the two models amounts to 4.6 °C (2.4%). This discrepancy, while
not excessive, suggests that the complete loss model given by Equation (19) may be pre-
ferred when a more precise evaluation of the cable temperature evolution under specific
load or ambient conditions has to be performed. It is worth remarking that this higher
accuracy is obtained at no additional cost, as the DC and complete loss models share the
same negligible computational burden.



Energies 2023, 16, 2963

110f13

6. Conclusions

The DC cables connecting the battery pack to the traction system of an electric vehicle
play an important role in guaranteeing the performance, reliability, and safety of the vehicle.
The lifetime of a wiring system strongly depends on the temperature reached during
operation. Many factors can affect the temperature of the cable, including the ambient
conditions and the harmonic distortion in the current caused by the switching operation of
power electronic converters attached to the battery. To evaluate the temperature evolution
of DC cables under defined ambient and operating conditions, numerical approaches
based on the Finite Element Method (FEM) represent the prevailing technique due to the
versatility and accuracy of FEM solvers. In a multi-stranded cable geometry, which is
usually found in battery power connections, a strong coupling between the thermal and
electromagnetic phenomena exists, that is, they constitute a multi-physics problem. In
fact, the temperature reached by the cable primarily depends on the Joule losses in the
conductors, i.e., on the current density distribution within the strands. On the other hand,
the distribution of harmonic AC current densities is affected by skin and proximity effects,
whose impacts vary with frequency and temperature. Due to the very different time scales
of magnetic and heat flow problems and the many harmonic components found in the
current, a numerical solution to the problem can often be computationally hard.

This paper presented a simple analytical model to calculate the total losses occurring in
a multi-stranded cable carrying a DC current that is affected by a high-frequency ripple. By
considering the stranded geometry of the cable and the magnetic field inside it, the model
can capture the joint effects of temperature and skin and proximity effects on the total Joule
losses per unit length of the cable. The analytical equations describing the equivalent AC
resistance of the cable at a fixed frequency and temperature were derived from the general
treatment of high-frequency effects in multi-stranded multi-layer winding geometries and
were validated against the results of time-harmonic FEM magnetic models. The model
proved effective in matching with high accuracy the resistance values obtained through
FEM analysis in the entire range of variation considered for frequency and temperature.

The effective advantage of using the proposed loss model to predict the tempera-
ture evolution inside the cable with a reduced computational burden was also assessed.
Specifically, the output of a coupled electromagnetic-thermal FEM simulation comprising
electromagnetic and heat flow calculations was compared to a simpler calculation routine,
in which the loss density input to the heat flow FEM model was evaluated by means of the
derived analytical loss model. The results showed that the temperature curve yielded by the
simplified routine almost overlapped with that produced by the coupled FEM simulation.
However, the simplified routine required only one-fourth of the computation time with
respect to the full FEM simulation. On the other hand, the temperature evolution given by
the simpler DC loss model was found to be affected by an error that increased with time
and reached 2.4% at the end of the simulated time window. These results suggest that the
proposed analytical modeling of total Joule losses in the multi-stranded cable can be of use
when a more detailed evaluation of the temperature is to be performed at a largely reduced
computation cost.
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