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ABSTRACT This paper describes the identification of the thermal parameters for the high breaking capacity
low-voltage NH gG fuse. For the process of parameter’s determination, a 3D numerical model of the fuse
is used together with the measured temperature on the fuse and differential evolution (DE) as the powerful
optimizer for optimization problems. DE’s main task is to reduce the difference between the measured and
calculated fuse temperatures. The classic DE algorithm is compared with three improved DE algorithms that
have a reduction of the population size during the optimization process. The results of all four algorithms are
compared, and the most favorable choice of algorithm is given for such temperature coefficient calculations.
The fuse model is appropriate for the calculation of the fusing temperature, according to the excellent
agreement between the measured and calculated fuse temperatures.

INDEX TERMS Fuse link, temperature, identification, 3D model, differential evolution.

I. INTRODUCTION
Usage of the fuse as a protection element in a power grid
started at the beginning of electrification [1], [2]. The fuse
is a crucial protection element in all electrical engineering
applications. It is a device that opens the electric circuit
in which it is installed by melting one or more specially
designed and compliant melting elements. The circuit opens
when the current value is exceeded at the appropriate time [1].
In cases of serious faults in installations or power networks,
the fuse is the vital and last protection barrier. In compari-
son with other protection devices (i.e. disconnectors, circuit-
breakers), the fuse enables the highest breaking capacity in
a very short time period (within a few milliseconds), as well
as the ability to prevent a short-circuit. This is supported by
the simultaneous workings of individual construction parts,
mainly a melting element and quartz sand, which has the
highest specific heat regarding vaporization. The main task
of the fuse is to protect electrical devices, installations and
people.

The operating principle of a fuse is simple. Copper wire
or a suitably shaped strip (fuse element), which is capable of
conducting an electric current under normal conditions, burns
out when the current exceeds a certain threshold value. In this
case, it is important that the fuse interrupts the smallest part
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of the power grid. Once the excessive current flows through
the fuse, the fuse element overheats and melts. At this point,
an electric arc is generated, which evaporates the metal. The
electric arc is then distributed into quartz sand, where it is
cooled down onto granules. Thus, the quantity of quartz sand
granules decreases. In this way, the path of the arc becomes
longer, and the intense cooling takes place over the whole
path.

The article deals with the NH2 gG 400 A/500 V single
phase fuse, used for protection in LowVoltage (LV) networks
with a voltage up to 500 V, and is ranked as a fuse for general
application (gG) with blade contacts (NH – Niederspan-
nungs Hochleitungs, which is German for low-voltage high-
breaking-capacity [2]). NH gG fuse links are used widely in
electrical power grids to protect electrical devices in case of
overload or short circuit currents [3]. The fuse elements are
fixed between two blade contacts in a ceramic body (Fig. 1).
In our case, there are four fuse elements. Three fuse elements
are the same width, and the fourth fuse element is narrower.

Over the years, different methods [3]–[16] have been used
for thermal investigation of fuse links. In [3], the authors
investigate the long term behavior of fuse elements at higher
thermal stress level. The role of LV/NH fuse links‘ rated
voltage in distribution network losses was examined in [4],
where fuses use rated voltage 500 – 690 V AC instead
of 400 V AC. In [5]–[11], the authors use 2D and 3D FEM
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FIGURE 1. Assembly of a NH fuse.

software in order to examine a fuse link’s thermal field. In [5],
the authors analyze a fuse’s thermal field using 3D FEM
software, calculating the temperatures inside or on the fuse.
A 2D thermal model of a fuse was developed in [6] in order
to study the temperature distribution at a fuse. The effect of
the current harmonics on the fuse thermal is investigated,
and the temperature distribution through all fuse link ele-
ments is shown. A 3D FEM software was used in [7] to
analyze the transient temperature rise of the fuse elements
in current-limiting fuses. The thermal behavior of the fuse
link during steady-state conditions was analyzed in [8], when
different types of notches are applied using 3D FEM soft-
ware. In [9], an FE model of a fuse was used to analyze the
influence of harmonic content and harmonic frequency by
thermoelectric coupling simulation. In [10], an FEMmodel of
a medium voltage fuse was used for thermal analysis. In [11],
a 3D model of the Joule heating of the fuse element was
developed using a set of equations coupling the thermal and
the electrical phenomena, including solid-liquid-vapor phase
transitions, in order to evaluate the pre-arcing time in HBC
fuses. In [12]–[14] the authors use a mathematical model in
order to examine the thermal behavior of a fuse. A mathe-
matical methodology for the calculation of the steady state
thermal behavior of a medium voltage fuse was used in [12].
A mathematical model of medium and low voltage fuses was
developed in [13], in order to estimate the temperature across
the fuse during the pre-arcing period. A mathematical model
for the analysis of the steady state thermal behavior of a
medium voltage vertically fixed fuse was developed in [14].

A. RESEARCH OBJECTIVES
The main novelty of this paper is a method to iden-
tify fuse’s thermal parameters using the Differential Evo-
lution (DE) algorithm, fuse temperature calculation using
a 3D model, and measured data. These parameters are of
crucial importance for the designing process of a fuse, espe-
cially for fuses and electrical devices, that use identical
materials, like ceramics and granular quartz. Particle Swarm
Optimization (PSO) [17], Genetic Algorithm [18], or other,

could be used in the optimization process. This paper used
the DE, a stochastic optimization algorithm, which is suitable
for solving of nonlinear and constrained real-life optimization
problems in Engineering [19]–[25].

The classic DE algorithm is compared to three improved
DE algorithms, with changing of the population size during
the optimization process. The three improved DE algorithms
are: the DE algorithm with half-reducing of the population,
the DE algorithm with linear-reducing of the population,
and the DE algorithm with faster linear reduction of the
population. The results of all four algorithms are compared,
and the most favorable choice of algorithm is given for such
temperature coefficient calculations.

The entire designing and identifying thermal parameters
process of the NH gG fuse links is universal, and applicable
for fuse links of all voltage levels. The fuse link model was
built in EleFAnT 3D [26]. The selected optimization algo-
rithm DE is described in Section IV, where the minimization
of the Objective Function has been carried out. The crucial
parameter of the Objective Function will be the measured
temperature in the interior and exterior of the fuse. The
measurements will be carried out under load test.

This paper is organized as follows. Section II describes the
performed measurements and the experimental setup. A fuse
model is described in Section III. A method for identify-
ing fuse’s thermal parameters is presented in Section IV.
The obtained parameters are discussed in Section V with
the comparison between the calculated and measured fuse’s
temperatures. The conclusions are presented in Section VI.

II. EXPERIMENTAL SET-UP AND MEASUREMENTS
The measurements have been carried out in a testing labora-
tory at the Faculty of Electrical Engineering and Computer
Science, University of Maribor. The applied experimental
set-up (Fig. 2) consists of the testing line with tested fuse,
transformers, power analyzer and connection to the power
grid.

The test object was a low voltage fuse NH2 gG
400 A/500 V. A power analyzer Norma D5225M was used
to measure the current that flowed through the tested fuse.
An autotransformer was used to set the voltage of the trans-
former, which was in a single-phase short circuit in order
to acquire the current (I = 400 A) that flowed through the
tested fuse. During the measurements, the current that flowed
through the tested fuse has been coordinated in order to main-
tain the constant value of 400 A. The measured resistance
of the tested fuse at the surrounding temperature 25.5◦C was
Rfuse = 0.154 m�, which means that the voltage drop (Ufuse)
at the fuse is as follows (1):

Ufuse = I · Rfuse = 400A · 0.154 · 10−3� = 0.062V (1)

Temperature measurements of the fuse were carried out using
thermocouples, which were attached to different locations
on the fuse (outside and inside the fuse, Fig. 3). There
were 14 thermocouples (Pt) and their location is shown
in Table 1. The measurement was carried out by heating
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FIGURE 2. Electric scheme of experimental set-up.

FIGURE 3. Positions of thermocouples on the fuse’s outside and inside
(fuse links).

TABLE 1. Locations of the thermocouples from Fig. 3.

the fuse (joule heating under the current 400 A) until the
temperature reached the thermal equilibrium in all parts of the
fuse, that is to say, when temperatures are stable within2 K
per hour. A thermocouple was bonded at a non-constricted
area of the fuse-element with a tape which is suitable for
high temperatures. The flow of these temperatures is shown
in Fig. 4. The final values of these temperatures (shown
in Table 2) are used as the input data for the identification
of the fuse’s thermal parameters.

FIGURE 4. Fuse’s temperatures between the temperature rise at the
current 400 A.

FIGURE 5. a) Fuse model (grey color – ceramic body, green color – blade
contacts). b) Finite elements in the whole area of the model. c) Fuse
model without ceramic body with visible fuse links (orange color). d) Fuse
model without one of the ceramic sides, where the blue color shows
granular quartz.

III. FUSE MODEL
The fuse link model is presented in Figs. 5a–5d. Fuse parts
are categorized with the colors specified in Table 3, which
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TABLE 2. Final values of measured temperatures from Fig. 4.

also shows the materials, electric and thermal parameters
of each of the components. Finite Elements (FE) (Fig. 5b).
The FE analysis is conducted with programme tool EleFAnT
3D [26]. The problem is divided into single geometric shapes
that belong to corresponding types of material (Table 3).
There are five geometric shapes: Blade contacts (upper and
lower contact), ceramic body (four sides), fuse elements (four
elements), granular quartz and surrounding area (air). The
function of upper and lower contact is to connect the fuse
with the circuit in order to protect it [15].

The fuse model is designed as a weak coupled problem
that uses electric and thermal models. Calculations of cur-
rent density J [A/m2] and electric conductivity σ [S/m] are
conducted in the electric model, which serve as the input
data (Fig 6, path of the blue arrow) for the calculation of
power losses p [W/m3]. The values of power losses p are then
used as input data for the thermal model when calculating
the fuse’s temperature T (Fig. 6, path of the red arrow).
The other input data for calculation of the temperature are
thermal conductivity and convection, which are catalogue
values given in Table 3. Conduction is the transfer of heat
in solid materials with direct contact, and convection is the
transfer of heat to the surrounding space [31].

FIGURE 6. Graphic demonstration of process for calculation of the fuse’s
temperature.

The numerical analysis of temperature calculation for the
fuse model has been conducted with the catalogue param-
eter values from Table 3. For the modeling and simulation,
the surrounding area was defined as air with temperature as
measured in the laboratory (25.5◦ C). In order to achieve
a fuse’s nominal current (400 A), the voltage drop on the
fuse is defined as 0.072 V. It can be seen that the value of
voltage drop used for simulation (0.072 V) and measured
one (0.062 V) is almost the same. The measured voltage
drop is 0.062 V and it represents the basis for the numerical
calculations. Regarding the simplifications in the numerical
model, the value of the voltage drop (0.072 V) is adapted to

the numerical model in order to achieve the current of 400 A.
The measured and calculated values of the fuse temperatures
are compared. The obtained results are shown in Table 4.

The results presented in Table 4 show the deviations
between measured and calculated temperature, that are
between 7.39◦ C and 34.44◦ C. This could be considered as
inadequate and requiring improvement. Hence, the main idea
of this paper is reducing the deviation between measured and
calculated fuse temperature with the purpose of improving
the accuracy of the numerical fuse model. This is done in
the suggested DE based optimization procedure, where the
measured data and fuse model are used together in order to
determine those values of parameters for thermal conductiv-
ity and convection factor.

IV. IDENTIFICATION OF THE FUSE THERMAL
PARAMETERS USING DE
The engineering audience [19], [21], [24], [31] uses DE,
as it is a fast and robust stochastic optimization algorithm.
It was first introduced by Storn and Price [20]. This algo-
rithm is appropriate for solving nonlinear and constrained
optimization problems [24]. It has been selected as an suitable
optimization algorithm, because of its simple application and
effectiveness. Detailed descriptions of the DE algorithm are
available in [20] and [25]. Table 5 presents the used DE
settings.

DE determines the thermal parameters pi, where
i= [1, 2, . . . , 7]. These parameters are: Thermal conductivity
of blade contact (p1), ceramic body (p2), fuse element (p3),
granular quartz (p4) and surrounding area (air, p5); convection
factor of blade contacts (p6) and ceramic body (p7). During
the optimization process, the DE is minimising the value of
the Objective Function z (2):

z =
7∑

i=1

zi (2)

where zi are partial Objective Functions, that are written as:

zi =



√∑
j

(
Ptjmeas − Ptjcalc

)2
if j ∈ {[10] ; [14]}

1
2

√∑
j

(
Ptjmeas − Ptjcalc

)2
if j ∈ {[1, 9] ; [2, 8] ; [3, 7]}

1
3

√∑
j

(
Ptjmeas − Ptjcalc

)2
if j ∈ {[4, 5, 6] ; [11, 12, 13]}

i = [1, 2, . . . , 7] (3)

There are seven partial Objective Functions zi, hence
i = [1, 2, . . . , 7]. j presents thermocouples, which were
attached to different locations on the fuse (outside and inside
the fuse). Weights 1, 1/2 and 1/3 in (3) were chosen based
on the number of thermocouples within the sum. Objective
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TABLE 3. Description of geometric shapes from Fig. 5 [15], [16], [27]–[30].

TABLE 4. Measured (Tmeas) and calculated (Tcalc) temperatures of the
fuse.

TABLE 5. DE settings.

Function (2) evaluates the quality of the parameter values
applied in the fuse model. Fig. 7 presents the procedure for
determining the fuse model’s parameters.

FIGURE 7. Graphic demonstration of procedure for determining the fuse’s
thermal parameters.

Table 6 presents the boundaries (minimum and max-
imum values) of optimization variables during the opti-
mization process. These values are selected based on the
Ref. [15], [16], [27]–[30].

TABLE 6. Minimum and maximum values of optimization variables.

A. MODIFICATION OF THE DE ALGORITHM: REDUCTION
OF HALF OF THE POPULATION
Population size NP is the significant parameter of the DE,
which is constant in the classic DE algorithm. The population
size can be decreased by gradual reduction, as it is proposed
in [32], where it is reduced by half within each block of the
block of the predefined generation number. At the beginning
of the optimization process, a greater number of individuals
is needed, due to the diversity of the population. During the
optimization process, the population reduces gradually, and it
is the smallest at the end of the process. The population size
reduction step is defined as:

xi,G =



xNP
2
+i,G
; if f (xNP

2
+i,G

) < f (xi,G)

and G = GR,

xi,G; otherwise.

(4)

The new population size is then calculated as:

NPG+1 =


NPG+1

2
if G = GR,

NPG otherwise.
(5)

The generation whose population is going to be reduced is
indicated with GR.
In this paper, the reduction of the population is performed

as follows: In the first 5 iterations the algorithm executes cal-
culations using the whole population (pop NP). The algorithm
sorts the individuals with regard to the Objective Function
from the best to the worst. A new sorted population goes
to the next iteration. In the 6th iteration, the algorithm takes
half of the population and calculates with the reduced popu-
lation (pop NP1/2) by the same principle. In the 21th iteration,
the algorithm takes half of the pop NP1/2, and performs cal-
culations with the new population pop NP1/4. In the 41th iter-
ation, the algorithm takes half of the pop NP1/4 and performs

55644 VOLUME 7, 2019



M. Sarajlić et al.: Identification of the Thermal Parameters for the NH gG Fuse Using the DE

calculations to the end of the optimization process with the
new population pop NP1/8.
That means, if the initial population size is NP = NP

initial = 40:
- After the 5th iteration NP = NP initial/2 = 20;
- After the 20th iteration NP = NP initial/4 = 10 and
- After the 40th iteration NP = NP initial/8 = 5.

B. MODIFICATION OF THE DE ALGORITHM: LINEAR
REDUCTION OF THE POPULATION
This algorithm is based on the linear reduction of the popula-
tion, which is calculated as:

NP = NPmax −
NPmax − NPmin

itermax
· iter (6)

where NP max is the maximum population size; NP min is the
minimum population size; iter max is the maximum number
of iterations; iter is the current iteration. The user defines
NP max, NP min and iter max.

In this paper, NP max = 40 and NP min = 10 is cho-
sen, so the linear reduction could be carried out from
40 to 10 individuals. Likewise, with the algorithm described
in subsection IV.A., in this algorithm, the individuals are
sorted from the best to the worst with respect to the Objective
Function.

C. MODIFICATION OF THE DE ALGORITHM: FASTER
LINEAR REDUCTION OF THE POPULATION
This algorithm is an improved version of the algorithm
described in subsection IV.B. An improvement is made in
terms of faster calculation, i.e. faster reduction of the pop-
ulation. Firstly, the linear NP lin is calculated (7):

NPlin = NPmax −
NPmax − NPmin

itermax
· iter (7)

and then the new NP(8) is calculated:

NPnew = NPlin − AddRed (8)

where AddRed is an additional reduction that is defined as the
difference (9) between the Objective Function value from the
previous and current iterations:

AddRed = round |bestvaliter−1 − bestvaliter | (9)

where bestval iter−1 is the Objective Function value from the
previous iteration, and bestval iter is the Objective Function
value from the current iteration.
NP new is then used for the calculation of remaining mem-

bers of the population (NP rem), which is calculated as the
difference between NP new and NP perc (10):

NPrem = NPnew − NPperc (10)

NP perc presents the first 20-40% members of the entire
population. This percentage is defined by the user at the start
of the optimization process.

TABLE 7. Determined fuse model parameters in the suggested
optimization process.

TABLE 8. Results after the optimization.

In the next step, a matrix is formed, made from zeros and
ones:

nn = |NPrem − |NPnew − NPlin|| (11)

where nn is the number of ones in the aforementioned matrix.
The ones are arranged at random positions in the matrix.
The algorithm compares the matrix made from zeros and
ones with the matrix of Objective Function values for every
member of the population, with regard to the position of the
ones. The positions of ones from the matrix of zeros and
ones are taken, and the members of the population with the
same position go into the new matrix. This new matrix is
smaller than the previous matrix, and the population size of
the new matrix is the new value of NP for the next iteration.
Fig. 8 summarizes this process briefly.

In this way, this algorithm has a double reduction of the
population, which makes it faster than the previous algo-
rithms described in subsections IV.A. and IV.B.

FIGURE 8. Representation of the new matrix formation.

V. RESULTS
The suggested method for determining a fuse’s thermal
parameters is confirmed comparing the measured and calcu-
lated results. The measured temperatures were used in the
suggested optimization procedure in order to identify the
fuse’s thermal parameters. The obtained parameters values
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FIGURE 9. Objective function values throughout the generations.

are shown in Table 7, where RHP stands for the Reduc-
tion of Half of the Population, LRP stands for the Linear
Reduction of the Population and FLRP stands for the Faster
Linear Reduction of the Population. From the obtained results
in Table 7, it can be seen that all four algorithms gave almost
the same values of determined parameters with insignificant
deviation of 1 %.

Table 8 shows the mean values of Objective Function
(bestval), number of Objective Function evaluations (nfeval),
and CPU time of the calculation. All four algorithms have
the same Objective Function value (0.22), with insignificant
deviation of the last two decimals. Modified algorithms have
less Objective Function evaluations than the Classical DE.
The RHP algorithm has the smallest number of Objective

Function evaluations (1716), which is almost 6 times smaller
than Classical DE’s number of Objective Function evalua-
tions. The LRP and FLRP algorithms have almost 2.5 and
3.5, respectively, a lower number of Objective Function eval-
uations than the Classical DE. As far as the CPU time of
the optimization process duration is concerned, the RHP and
FLRP algorithms use less time and are 5.6 and 3.4 times
faster than the Classical DE, respectively. An example of the
Objective Function values’ convergence obtained with the
Classical and modified DE algorithms is shown in Fig. 9.
It can be seen that the FLRP algorithm converges faster in
later iterations.

The identified fuse model parameters, shown in Table 7,
were used in all following calculations. The measured and
calculated temperature using the catalogue and identified
parameters are compared in Table 9. The results presented
in Table 9 show very good agreement between measured and
calculated results using identified parameters, where the aver-
age difference is smaller than 3◦C and the highest difference
is 10◦C, which is acceptable.
The following case is used to check the performance of

the suggested parameter determination method and corre-
sponding fuse model. In the given case the fuse has two fuse
elements, which are the samewidth, and the current that flows
through the fuse is 200 A. There are 12 thermocouples with
the same location as in Table 1, apart from thermocouples
Pt 10 andPt 12, as these two fuse elements were removed.
The determined parameters fromTable 7 are applied, together
with the measured temperature. The measured and calculated
fuse temperatures are compared in Table 10 with very good
agreement, where the difference is smaller than 2.5◦C and
the highest difference is 4◦C, which presents an insignificant
difference.

TABLE 9. Measured and calculated fuse temperatures using catalogue and identified parameters under the current 400 A.

TABLE 10. Measured and calculated fuse temperatures using catalogue and identified parameters under the current 200 A (fuse has two fuse elements).
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VI. CONCLUSIONS
This paper applies the DE to identify the thermal parameters
of low voltage NH gG fuse in order to estimate the fuse’s
temperature. The parameter’s determination process uses the
3D fusemodel, measured fuse temperature andDE algorithm.

The main goal of this paper is to find those fuse thermal
parameters with the minimal difference between the mea-
sured and calculated fuse temperatures. These parameters are
of crucial importance for the designing process of a fuse.
Also, they are essential during the minimization of financial
costs. The obtained parameters can be used for the newly
designed high breaking capacity fuses and other similar appa-
ratus that uses the identical materials, like ceramics and
quartz sand.

The obtained parameters can afterwards be used in differ-
ent conditions (different current 200 A, lesser fuse links) of
fuse operation, presenting a very good agreement between the
measured and calculated fuse temperatures. It is appropriate
for different working conditions and for different fuse types.
The suggested method together with the fuse model represent
an excellent tool for predicting the maximum tolerable tem-
perature of a high breaking capacity low voltage fuse. Aside
from the classical DE optimization algorithm, three improved
DE algorithms were used, based on the dynamic changing of
the population. All of the tested algorithms are appropriate
for determination of thermal parameters in applications as
described in this article. However, in terms of Objective
Function evaluation using the Finite Element Method, which
is time consuming, the crucial information is CPU time of
optimization process duration. Hence, the most appropriate
algorithm among the tested ones are the RHP and FLRP
algorithms.
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