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ABSTRACT Electrical cabinets are assembled manually to a great extent. The existing wiring technology of
electrical cabinets is a big consumer of plastic materials used for the wire ducts whichmake up a large portion
of the cabinet volume. Also, the current electrical cabinet production requires a lot of human labor. This
paper proposes a new laminated conductor technology used for connecting electrical cabinet components.
The approach is based on alternately stacking conductive and insulating layers. The primary advantage of
the new technology is the possibility of accomplishing a fully automated production by using laminated
conductors of rectangular cross sections for interconnecting the components. Additional benefits are reduced
size, approximately by 70%; and a simplified use and installation. Both thermal and mechanical simulation
analyses were carried out in the study. The final product of this technological development and its application
is a prototype, which was evaluated experimentally for its electrical and mechanical functionality. Thermal
conditions were also tested. The tests that were performed in this study include also mechanical testing on
the bolts in the circuit block and electrical current tests. The experimental results justify the application of
the proposed technology.

INDEX TERMS Automation, conductors, electrical equipment industry, production engineering, techno-
logical innovation.

I. INTRODUCTION
Electrical cabinets are widely used in industry, mostly as
housings for various switching, control, and other devices that
are generally utilized to monitor and control electrical and
mechanical processes. Because more and more sectors use
completely automated production, there is also an increase
in demand for automated production of electrical cabinets.
Wire ducts are used for housings the wires that connect the
equipment inside an electrical cabinet [1]. That traditional
method of wiring, which involves physical work, is a tire-
some and time-consuming task that extends delivery times
and increases the risk of error [2]. The size of the electrical
cabinet is directly influenced by the number of wire ducts
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used for wiring, making it challenging to install. For example,
installing control cabinets in a city train environment could
be difficult due to the handling process, which can cause
arm and waist fatigue in workers [3]. Additionally, due to
the abundance of wire ducts, typical cabinets utilize a lot
of plastic, and one of the key objectives of the European
Union (EU) is to reduce plastic use [4].

This paper proposes a development of a cutting-edge tech-
nology to automate the production of control electrical cabi-
nets, which consist of conductive and insulating layers placed
alternately, followed by a final insulation plate with integrated
electrical devices. Considering that the engineer typically
spends around two hours preparing the arrangement of a
control cabinet of average size [5], this technology will make
assembly much faster and easier. Production time, size, and
plastic usage will be decreased. The conductive layer is made
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up of laminated conductors with rectangular cross sections
that are arranged in accordance with the required standard.
Both the conductive and insulating layers will be formed
using a computer numerical control (CNC) machine.

First, a 3D computer-aided design (CAD) model was cre-
ated for a specific electrical cabinet with a defined equipment
configuration. The volume of the cabinet was reduced by 70%
by substituting the standard cabinet for a cabinet with lami-
nated conductors (see Fig. 1). Using cost-utility optimization,
the materials for the conductive and insulating layers were
chosen in accordance with the properties given in [6], [7],
[8]. The CAD model mentioned above was used in thermal
and mechanical simulations, which were performed using the
‘‘SiemensNX’’ software [9] and its add-on called ‘‘Simcenter
FloEFD’’ [10]. The results of the thermal simulations were
achieved by determining the input and output current of
the assembly together with the corresponding rated diversity
factor (RDF). A finite element analysis was performed to ana-
lyze themodel, with themesh properties set according to [11].
When developing a thermal field model, heat transfer through
both radiation and convection towards the environment were
taken into consideration [12]. Multiple simulations were run
for stationary state and time dependence. The obtained values
were then utilized to optimize the placement of conductors,
insulating plates, and ventilation apertures [13], [14].

After the simulations, heat conditions were tested exper-
imentally. In addition, mechanical simulations of tensile
forces and shear stress exerted on the bolt and of the force
needed to tighten the bolt until the thread breaks were per-
formed. The findings of these simulations are presented
in this study. Some assumptions or model simplifications
(no friction or sliding involved, bolts and washers without
threads) were made to simulate the clamping processes,
which could lead to outcomes that differ from the real
scenario [15], [16], [17], [18].

The prototype was made after the final version of the
CAD model was optimized. The conductors and insulation
plates were cut to the required sizes and shapes using a
CNC machine. They were then set out in accordance with
the predetermined arrangement, and finally, conductive bolts
were used to secure the electrical equipment on the final
upper insulation plate. Since it is well known that the contact
resistance is dependent on complex physical processes, many
of which have a random nature, its analytical computation
is subject to significant errors [19]. The presence of contact
connections can increase resistance, as well as the heating
of the electrical equipment. As a result, the outcomes of
simulation and experimental testing may differ [20], [21],
[22]. To reduce contact resistance, the total area of electrical
connection must be as large as possible [23].

Once the assembly was complete, the experimental testing
of the proposed innovative technology was carried out. First,
a single layer of conductors and an insulating plate were
tested in a lab environment for their thermal properties using
a nominal current flow. The benefits and drawbacks of the
present design were identified using temperature probes and

a thermal camera [24]. Furthermore, electrical and mechan-
ical tests were performed, including dielectric testing, peak
current testing, and short circuit current testing, as well as
tensile testing of the screw connection, tensile testing of the
bolts, flexural testing of the bolts and the testing of the bolts
in the switch block by tightening them with a torque wrench.
All the tests were conducted in accordance with the relevant
standards of the International Electrotechnical Commission
(IEC) 61439-1 and IEC 61439-2 [25], [26]. The application
of the new technology was successfully confirmed.

The paper is organized as follows. Section II provides
insight into the technology concept and development of a
3D model in accordance with the required standards. Sec-
tion III presents the thermal simulation parameters, settings
and the obtained results. Section IV gives an overview of
mechanical simulations, their parameters and the obtained
results, including shear stress and tensile stress simulations.
The findings of the experimental verification of the new
technology concept are reported in section V. Finally, in the
conclusion, the results of the study are summarized and future
activities outlined.

FIGURE 1. CAD model of mounting plates incorporating the same
equipment.

II. TECHNOLOGY CONCEPT
The first step in the technology development was adapting
to relevant standards and design specifications from [25] and
[26]. It was necessary to define a method of interconnect-
ing conductors on different layers of the assemblies and the
equipment on the last layer. One of the challenges was fixing
the equipment on the last layer. In the end, insulating plates
and conductor materials were chosen, and the construction of
a prototype began.

VOLUME 11, 2023 38895



M. Odak et al.: Innovative Technology for Production of Electrical Cabinets Using Laminated Conductors

FIGURE 2. 800mm x 800mm mounting plate with electrical equipment.

A. DESIGN REQUIREMENTS
The type of a cabinet housing was determined after the
equipment configuration had been decided upon. The cabinet
based on the conventional technology used for laying the
equipment has nominal housing dimensions of 2000 mm x
800 mm x 400 mm in height, width, and depth. A mount-
ing plate with the measurements of 1897 mm x 696 mm x
27 mm is incorporated in the cabinet. The equipment was
then mounted in the cabinet based on the technology pro-
posed in the next stage. The nominal size of the cabinet
based on the proposed technology is 800 mm x 800 mm x
300 mm, and a 750 mm x 750 mm x 2.5 mm mounting
plate is used to hold the equipment in place. Fig. 2 pro-
vides a detailed overview of the equipment arrangement on
the mounting plate. When comparing these two electrical
cabinets, we can see that the volume for the same quantity
of equipment is reduced up to 70% in the proposed cabinet
design.

The final configuration of the equipment housed in the
proposed electrical cabinet is a result of multiple iterations,
in which the goal was to foresee potential issues, partic-
ularly regarding the arrangement of the conductive layers
and the conductors that will interconnect this equipment.
A short circuit between the mounting plate and the connect-
ing elements of the conductive layers makes it impossible
to place the equipment (electrical components connected to
the laminated structures) on the mounting plate. Because
of that, the mounting plate will make the first layer of the
laminated structures on which the remaining layers will be
piled, and the equipment placed on the insulating layer will
have perforated channels leading to the laminated structures.
Additionally, they have passages that match the mounting
plate holes required to mount or fix the mounting plate to the
cabinet structure.

B. CONNECTING PIN
The link that conveys the electric potential between the con-
ductive layers of the laminated structures and the equipment
was the next issue to be addressed while developing this
innovative technology. As part of the study, various connec-
tion models were created utilizing conventional techniques
for joining structural parts in the connector in the laminated
structures. Due to the geometry of the equipment, e.g. fuses,
feeders, and switches, it was decided to attach the equipment
to the pin via a screw connection, i.e. a bolt. The concept
of attaching pins and equipment on the laminated structures
evolved into the first model. At this point, the development
continued into two directions: one focused on creating pins
to connect the conductive layers of the laminated structures,
and the other focused on creating equipment that could con-
nect to those pins. The interconnecting elements for joining
the conductive layers within the laminated structures were
incorporated over time and are now a part of the pin that joins
the laminated structures to the electrical components of the
assembly.

Since the models that were created had to take into account
the needs of automated production in the future, the pin
models based on welding were the first to be investigated.
Because of lines with larger cross sections, where it would be
difficult to connect the pin and the conductor and put them
inside the laminated structures, this method is not viable.
The following connection concept used a click pin with a
mechanically secured pin to prevent unscrewing, as seen in
Fig. 3. The points of contact (horizontal surfaces) between
the lower conductive layer and the fixing element as well
as between the fixing element and the top surface of the pin
serve as the contact surfaces for transmitting electric potential
under the pin. The issue with this design is the strengthening
element, whose processing would be time-consuming and
costly. Due to the aforementioned reasons, the usage of a
pin that is fastened by a screw connection within the lami-
nated structures has evolved into the standard technique of
connection.

FIGURE 3. Laminated structure for pin-click connection.

C. LAMINATED STRUCTURE
The performance of joining and connecting the laminated
structures correlates with the choice of the shape of the con-
ductive layer. Compared to cutting the conductive layer and
metal plate pieces, using conductors of circular cross sections
e.g. a wire, results in less waste. Consequently, conductors
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FIGURE 4. Connection made by means of conductor of circular cross
section and a bolt.

of circular cross sections were the primary choice when it
comes to the shape of conductors. In order to guarantee the
shape of conductors along the conductive layer, they are to
be placed in troughs created inside the insulating plates of
the laminated structures. The pin is fastened with a nut on
the output side after passing through the laminated structures.
As a part of this concept, it is also proposed to use metal
with milled troughs that would contain insulated conductors
in place of insulator plates, as shown in Fig. 4. The possibility
of welding the conductors to the supporting components of
the screw connection inside the laminated structures was also
studied as a concept, as seen in Fig. 5.

A screw connection consists of supporting elements for the
electrical contact, a nut that, due to its geometry and shape,
prevents the screw part of the laminated structures from being
unscrewed, and either a pin for connecting the equipment or
bolts for connecting conductive layers within the laminated
structures. Between the conductive layers wewant to connect,
adjacent parts are placed in sequence. Drawbacks of this
and the previous idea is the enormous bending radius of
conductors with large cross sections, which would take up
a lot of the space of the conductive layer, as well as the
impossibility of using conductors with various cross sections
in the same conductive layer.

FIGURE 5. Connection using a conductor of circular cross section welded
to supporting element.

Cutting the conductive layer of the laminated structures
from an Al/Cu plate is an option that enables the possibility
to arrange conductors of different cross sections, however of
the same height, within the conductive layer. Additionally,

FIGURE 6. Connecting conductive layers using washers.

FIGURE 7. Joining laminated structures by means of a screw connection.

the overall laminated structure is more compact and stiff, the
contact surface is flat, making it easier to achieve electrical
contact. It is also feasible to unify the values, or the geometry
of the elements. The model with solely screwed elements had
a problem since it had elements with varied sizes serving the
same function and there were circumstances in which contact
between the conductor and the screwed element would not
occur, as seen in Fig. 6. This led to the development of a
new model that had a screw connection that connected the
conductive layer using supporting components. By virtue of
the design of the pin, laminated structures are also guaran-
teed, as is the generation of a pressure force within the screw
connection. This type of joint is shown in Fig. 7, and in Fig. 8
an example of connecting a miniature circuit breaker (MCB)
with conductive layers can be seen.

FIGURE 8. CAD model for connecting MCB to conductive layers.

The conductive layers are joined by supporting parts so
that they can fit in between one another, and the clamping
connection ensures that the electric potential is transmitted
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FIGURE 9. CAD model of joining laminated structures using a stepped
washer.

FIGURE 10. An illustration of clamping joint’s nuts and washers in
layered structures.

over the contact surfaces. There are two types of supporting
elements: those that are attached to the conductive layer and
those for transmitting the electric potential via the conductive
layer. The model and element geometry must be made as
simple as possible so as to create laminated structures, which
was also achieved by combining the underlying elements,
if there were several in a row, into one element. Additionally,
the pin geometry was altered so that it uses less material and
is no longer dependent on the insulating plate.

TABLE 1. Dimensions of nuts and washers for each cross section.

On the laminated structures, the electrical connection that
serves also as a means of securing the equipment (such
as electrical components) is made via a screw connection.
The primary purpose of the nut is to produce a clamping
connection. The nut is held in place in the related insulating
layer by the geometry of the outer edge part with the cutout,
which also prevents the nut from slippingwhen it is tightened.
Accordingly, the corresponding locations in the insulating

layers must match the geometry of the nut in that position
enlarged by the necessary clearance for a simpler positioning
during assembly. The clearances must be kept to a minimum
so as not to damage the anti-slip protection of the nut. The
nut, thewasher (a type of washer used for transmitting electric
potential), and the steppedwasher presented in Fig. 9 (a desig-
nation for a second type of washer which connects the poten-
tials between individual conductive layers) are geometrically
defined by the current they conduct. Fig. 10 shows the nuts
and washers of the clamping joint in the layered structure, and
their dimensions are listed in Table 1. The cross section of a
nut is denoted by S, the outer diameter of the nut or washer by
Dv and the inner diameter of a nut by Du. The inner diameter
of the washer is denoted by d, whileMn is the outer diameter
of the nut thread. The nut and the washer have been cut out
laterally for this type of connection, and h determines the
depth of this cut-out.

The bolt used to secure the entire connection follows the
geometry of the washers and has a unique value for the length
of the bolt waist. That value depends on the conductive layer
in which the clamp connection is made and the height of
the equipment above the last insulating plate. That height
must have a value large enough to make contact with the
conductive part of the equipment which is on, i.e. above the
insulating plate, because there must be a gap of up to 1 mm
to prevent the equipment from resting on the back insulating
plate. Otherwise, there is a counter force to the pressure force
in the clamping joint.

D. SWITCHGEAR AND TERMINAL BLOCK DESIGN
The elements that interconnect the conductive layers and
electrical equipment pass through the layered structure, and
their paths are located corresponding to the position of the
input on the equipment, in that way the bolted connection will
fix the position of that element on the plate. For this reason,
in the CAD model, the parts that are not capable of being
connected from the bottom side are modeled to match the
desired connection, or the cross section that connects to it.
This adjustment can be seen in Fig. 11 and Fig. 12.

FIGURE 11. CAD model of MCB with additional passages for connection
with laminated structure.

Fig. 13 displays a design proposed for connecting the
terminal block. The model operates by using the spring prin-
ciples, i.e. leaf and compression spring. The idea was that the
mechanism would be inserted or clamped in the prototype,
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FIGURE 12. Cross section of a modified fuse.

FIGURE 13. CAD model of plug-in mechanism for connecting terminal
block.

with the outputs of standard clamps being positioned in the
initial conductive layers of the prototype. The end of the
conductor would be placed into this mechanism after stacking
the laminated structures to the point where the conductor
would made contact with the laminated structures. Because
there must be space inside the laminated structures for their
assembly, these ideas rely on the total height of the structures.
The issue is that each plug-in element would be created
for a certain cross section of the conductor, which would
limit the functioning of the row clamp. For this reason, the
already established screw connection principle must be used
to construct the row clamp shown in Fig. 14.

E. INSULATING MATERIAL
For the selection of the insulating material a number of fac-
tors were taken into account, including adequate mechanical
strength, electrical insulator properties, and market availabil-
ity of plates with the required minimum size of 750 mm x
750 mm in width and height. For the initial prototype, perti-
nax 2061 with a 3 mm thickness was selected. To separate the
components to be used for the connection to the conductive
layers of the laminated structures, namely the nuts, which
are located in the first insulation layer (IZO 1), the initial
insulation board IZO 0 was placed on the mounting plate.
Nuts are elements that are designed to achieve the clamping

FIGURE 14. Series clamp model of laminated structures.

connection, i.e.,the contact between the location of the con-
ductive layer, which corresponds to one of the positions of
the joint on the element, and the conductive waist that leads
the electric potential to the next contact location. The contact
can be in another conductive layer, or directly on the element
on the back mounting plate.

TABLE 2. Current resistance of insulated lines and cables that are not
laid in the ground.

F. CONDUCTOR MATERIAL
Copper conductor cross sections for specific currents are
defined by IEC 61439-1 [25] and IEC 61439-2 [26]. The
value of the cross section compared to copper for the same
value of current is taken as a degree when aluminum is used
to create the conductor. Dimensioning of conductive parts is
done according to fuse currents for line protection, and the
values are lower than the permitted current for the conductor
whose cross section is intended for connection.

Copper and aluminum conductor cross sections in relation
to current and fuse are shown in Table 2. Since aluminumwill
be used to make the conductors of the conductive layers, the
cross sections used are a degree larger compared to the copper
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conductor. The connecting elements of the laminated struc-
tures with sections from 1.5 mm2 to 10 mm2 were grouped
into one group of 10 mm2. The reason is the geometry of the
connecting elements, i.e. the contact surface for very small
sections; for 1.5 mm2, the inner diameter of the washer is
d = 4 mm, while the outer diameter should be D = 4.5 mm,
if we take into account the bevels, which is not acceptable due
to the calculation of strength of the clamp elements of up to
10 mm2. The connecting elements of 10 mm2 are designed as
a clamping connection with an M4 bolt, and of 185 mm2 as a
clamping connectionwith anM8 bolt, while the rest (16mm2,
25 mm2, 35 mm2, and 50mm2) are designed with anM6 bolt.
The connecting elements for the laminated structures will be
made of copper due to better mechanical properties (copper is
naturally harder, stronger and more ductile than aluminum),
with a section of the conductive part corresponding to the
currents of the aluminum conductor. This is done because the
reference surface is the contact surface between the clamp
washer and the conductor of the conductive joint, and since
the conductor is aluminum, the contact surface must be
adapted to it. The geometry of the washers, nuts and bolts is
made according to the contact surface of the reference joint.
For the sake of contact resistance in the aluminum-copper
connection, the copper elements of the clamping connection
must be nickel-plated and tin-plated.

G. LAYERING THE MODEL
The fixed positions of the elements on the final insulating
layer serve as points between which the conductor is routed
within the conductive layers of the laminated structures. The
idea that the electrical current conductors that are supplying
other parts should be placed first was a guiding principle in
creating the model prototype. The first conductive layer (CL
1) is shown in Fig. 15. CL 2, i.e. a PE (protective earthing)
conductor with a thickness of 5 mm, is placed in the same
layer. The PE conductive layer is then covered with a new
insulator, IZO 2, whose geometry matches that of conductive
layer 1, meaning that it was trimmed not to cover this layer.
On top of IZO 2, CL 3 is positioned. This layer directs the
N conductor of the output from the feeders in the direction
of the row clamps. The total height of CL 2, IZO 2 and CL
3 amounts 10 mm, which corresponds to the height of layer
CL 1, that is, the insulation layer IZO 3 will cover both CL
1 and CL 3, because the upper surfaces of the mentioned
layers are in the same plane. In the next two conductive layers
of 2 mm, CL 4 and CL 5, the outputs of the MCBs are
connected to the series clamps. Because of the decision to do
this in these two conductive layers, the necessary space was
gained for stretching the lines through the conductive layers,
because otherwise they would have to bypass the entrances to
the MCBs. That would be a reason for having an extra layer
in the entire laminated structure, resulting in a higher cost in
the material due to longer washers and bolts.

The conductors that connect every component of the final
mounting plate, are interconnected in the conductive layers

FIGURE 15. Stacking of CL 1 (L shape) and CL 2 (trident shape) on IZO 1;
CAD model.

that come next. The separation is carried out through two
conductive layers (CL 6 and CL 7) with a thickness of 5 mm
due to the volume and geometry of the aluminum conductors.
There is a place where the connection between conductive
layers 6 and 7 is made only for that purpose using a separate
screw; layer 6 can be seen in Fig.16. The screw head is
positioned inside the insulating layer since the geometry is
intended to stay inside the laminated structure.

FIGURE 16. CAD model of CL 7 layered on IZO 6.

III. THERMAL SIMULATIONS
All the components of the assembly had to be simplified
before running the simulations for a quicker and easier
calculation. First, the heat source of the switchgear was
established, and the geometry of the laminated conductors
was determined. After that, the 3D model of the whole
electrical cabinet underwent heat simulation. The prototype
was constructed using the findings of this simulation as
a guide.
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A. DEFINING THE HEAT SOURCE IN THE SWITCHGEAR
Similar to a 3D model of a high power low voltage fuse
from [27], the simulation of the 250 A circuit breaker
was conducted using the ‘‘Siemens NX’’ add-on called
‘‘Simcenter FloEFD’’. The circuit breaker is defined as a
heat source, considering that the switchgear will influence
the heating of the entire assembly. Firstly, it was necessary to
define the heat source in this electrical element. The possibil-
ities for specifying the heat source inside the solid and hollow
housing of the switchgear were analyzed. Heat losses amount
approximately to 75 W, according to the statistics of 250 A
circuit breakers [28]. In the first method, a heat source made
up of three conductors with a combined radiation power
of 75 W was distributed equally among the conductors inside
the solid housing of the circuit breaker. Identical simulations
were run for the hollowmodel of the switchgear. The housing
of the modeled switch was made of Polytetrafluoroethylene
(PTFE), and the conductors were made of copper.

The simulation results show that the use of current flow
through the conductors was a more adequate choice for mod-
eling heat losses in the circuit breaker. The total maximum
temperature in the case of the solid switchgear was lower
than in the case of the hollow switchgear, but the temperature
on the sides of the element housing was lower in the case of
the hollow switchgear. Table 3 shows a comparison of total
maximum temperatures for both methods of the heat source
determination discussed. From the results it can be seen that
the most suitable method is precisely the one in which the
currents (input/output) are defined on the conductors inside
the circuit breaker. The other option for the heat source defi-
nition made the housing material melt, and it would also melt
the insulating material used for insulating layers, because the
maximum operating temperature of pertinax was 120 ◦C [29].

Table 3 shows that the temperatures on the housing of
the circuit breaker were significantly lower than the total
temperatures. A valuable preliminary conclusion is that the
best choice for calculating the heating of switchgear is the
method of defining current inputs and outputs. As expected,
the temperature on the sides of the switchgear housing was
lower in the case of the hollow housing.

B. SIMULATION OF ELECTRICAL CONDITIONS ON A 250A
CIRCUIT BREAKER
To set up the simulation, calculation parameters were defined,
such as type of analysis, physical features, project fluid and
material. It was necessary to define the fluid subdomain in
the circuit breaker enclosure with a wall thickness of 2 mm.
The modeled circuit breaker is shown in Fig. 17. The cop-
per conductors are modeled to rest against the aluminium
pins entering the circuit breaker. The current through the
aluminum pins comes inside the circuit breaker and flows
through the copper conductors. The simulation was run for
the total output currents that the RDF was applied to. The
calculation yielded amaximum total temperature of 36.77 ◦C,
which occurred on the copper conductor of the first phase.

TABLE 3. Maximum temperatures of circuit breaker.

C. CHOOSING THE SHAPE OF LAMINATED CONDUCTORS
Since the joints of the laminated conductors are expected to
heat up the most, a lot of effort was put into determining the
best way of finishing the laminated conductors. Two versions,
out of the many that were fully studied, are presented and
compared.

The simulation of current flow via conductors of various
shapes assisted in the selection of a satisfying shape. Con-
ductors with a curved edges were compared to those with a
sharp edges both having the same cross section of 2.5 mm2.
By simulating current flow, results of Joule heating of the
conductor were obtained. The current flowing through the
conductors had a value of 10 A.

FIGURE 17. CAD model of a circuit breaker.

FIGURE 18. Distribution of heat on conductors, Specific Volume Joule
Heat (W/m3) scaled.

Firstly, a simulation with curved edges conductor was
carried out. The maximum total temperature of the conductor
was 28.98 ◦C. The next simulation was obtained on the
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conductor with sharp edges. The maximum total temperature
of the conductor was 29.02 ◦C. In the next figure (Fig. 18) the
heating of two conductors of the same cross section, through
which the same current (10 A) flows, but with different
geometries, is shown. The results are displayed on an equal
scale in [W/m3] to identify the critical area where there is
more heating. The conductor in Fig. 18b has higher temper-
atures due to its sharp edges, and the heating is concentrated
at these ‘‘edges’’.

This investigation resulted in the selection of the conductor
geometry. Since the sharp-edged conductor showed higher
heating and higher current density near the edges, curve-
edged conductors were chosen for the development of the
prototype.

FIGURE 19. Isometric view of electrical cabinet with laminated structures
and all equipment.

D. MODEL OF THERMAL SIMULATIONS
The subject of this investigation was a prototype of a
low-voltage electrical cabinet for indoor use. Thermal sim-
ulations were carried out using the 3D CADmodel displayed
in Fig 19. The assembly was made up of a steel enclosure
with air vents in the door, a mounting plate placed inside
with a set of vertically placed insulating plates on the top, and
laminated conductors passing through the plates. According
to the requirements of the applicable standards [25] and
[26], conductors of rectangular cross sectionswere positioned
between the insulating plates. Interconnection is made by
using conductive bolts through the layers.

A simpler design of the cabinet housing, switchgear, ven-
tilation apertures, and screw connections was used to speed
up and simplify the computation. The model used for cal-
culations is shown in Fig. 20. The assembly was housed in
a steel enclosure and had layers of conductors, insulators,
and switching electronics. The model housing was 800 mm x
800 mm x 300 mm in size and had a 1.5 mm sheet thickness

and two openings: a bottom air inlet and an upper air outlet.
The openings measured 125 mm x 125 mm. To obtain the
results of the overall heating, it was necessary to simulate
currents flowing through the both conductors in the layers and
the conductors in the switching devices.

FIGURE 20. Simplified simulation model.

To examine the heat distribution in the cabinet and identify
critical heat areas, a steady-state thermal simulation of the
assembly was run. The simulation did not include any heat
sources, but it did specify the electrical condition at the ends
of the conductors. The Joule effect was caused by the current
flow heating the conductors, which then heated also the rest
of the assembly. An analysis of how electric current affects
the heating of the electrical components, conductive mate-
rials, and insulating layers was provided by the simulation.
To provide more realistic operating conditions, the existing
values were modified using the RDFwith a value of 0.6. Con-
duction, convection, and radiation are the three types of heat
transfer that have an overall impact on temperature in these
simulations. A computational fluid dynamics (CFD) add-on
to the simulating software ‘‘Siemens NX’’ called ‘‘Simcenter
FloEFD’’ was used to perform thermal simulations.

Firstly, it was necessary to set up calculation parameters.
The type of analysis was set to internal, and the physical prop-
erties of radiation, gravity, and heat conduction in solids were
checked. Gravity was adjusted on the y-axis as the observed
control cabinet needed to be positioned vertically in space.
Choosing the default solid, in this case aluminum, as well
as the default fluid, i.e. air, was set in accordance with the
specifications. The heat transmission coefficient, a value of
5.5 W/m2/K, was the outer wall thermal condition default for
wall conditions. The hollow switchgear and the casing of the
control cabinet needed to be specified as fluid subdomains.
Some of the material properties, such as those of aluminum,
copper, or steel, were preset in the software, while others were
defined by the user. Materials used for this electrical cabinet
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include steel for the housing and mounting plate, pertinax
for the insulating plates, and copper and aluminum for the
conductive bolts and the laminated conductors. The input and
output current defined on the conductors, conductive bolts
and conductors inside the switchgear caused the assembly
temperature to increase.

The mesh is a crucial part of the CFD study considering
that the mesh parameter settings have an impact on the out-
comes. The model was modified for this reason to eliminate
the components that are irrelevant for the thermal analysis
(knobs on the door, fillets on the screws, chamfers etc.).
To shorten the calculation time, simpler models were used
to substitute each complex part in the assembly. For each
component of the assembly, mesh features were manually set
at refinement levels from 1 to 9. More precise Joule heating
results were achieved by setting the local mesh with a finer
mesh resolution for each small conductive part independently.
The cells were complex polyhedrons near the edges and rect-
angular parallelepipeds. The model contained 1,981,418 cells
in total. In this instance, the internal analysis of the assembly
was used, and the inlet and outlet of the ventilation apertures
were specified. The housing of the electrical cabinet that
was entirely closed with lids and acted as a fluid subdomain
confined the internal airflow. The interior and exterior spaces
of the enclosure as well as those of the electrical compo-
nents were both filled with air that complied with standard
atmospheric conditions. The basic simulation is run under
standard atmospheric conditions with the ambient pressure
of 101,325 Pa and temperatures of 20 ◦C and 40 ◦C. The lids
on the ventilation openings were used to define the boundary
conditions. The ambient pressure was set at the ventilation
outlet lid and the inlet volume flow at the ventilation inlet lid
had a value of 85 m 3/h.

E. THERMAL SIMULATION RESULTS
To investigate the impact of the environment on the observed
model, simulations were carried out in the same electrical
conditions but at different ambient temperatures of 20 ◦C and
40 ◦C.

FIGURE 21. Distribution of heat across 5th insulating layer at 20 ◦C.

After the simulation was finished at 20 Â◦C ambient tem-
perature, the maximum temperature of the model in steady
state was 40.45 ◦C. The conductor connecting the 80 A
circuit breaker and the 80 A residual current device (RCD)
generated the most heat. More attention needed to be paid

FIGURE 22. Distribution of heat across 1st insulating layer at 20 ◦C.

to the temperatures and heat distributions on the insulating
layers, conductors, and screw joints. The conductors con-
necting the 80 A RCD to 25 A MCBs, as shown in Fig. 21,
produced the most heat across the fifth insulating layer due to
the Joule effect. Based on the obtained results, the maximum
temperature of the final two layers, sixth and seventh, was
the same as the maximum temperature of the entire assembly.
Due to its exposure to the air, the average temperature of the
top (seventh) insulating layer was lower than that of the sixth
layer.

Due to the build-up of heat within the layered structure
of the model, the average temperature of the fifth layer rose
in comparison to the preceding layers. Since the maximum
temperature typically decreases as the distance from the site
of greatest heat accumulation increases, due to conduction,
the average temperature of the following layers decreased.
The phase conductors with the largest cross section were
positioned on the first insulating layer. These conductors
transmitted the highest value of current. The heat dispersion
across the first layer is shown in Fig. 22. Table 4 displays
the maximum, minimum, and average temperature values for
various assembly layers.

TABLE 4. The assembly heat distribution at ambient temperature 20◦C.

Thermal simulation results at the ambient temperature of
40 ◦C show that the maximum temperature of the model
at stationary state amounts to 58.44 ◦C. It is an increase
of 18.44 ◦C above the external ambient temperature. At an
ambient temperature of 40 ◦C, the fifth layer of the model,
where the conductors that heat up the most are located, has
a temperature distribution as shown in Fig. 23. As expected,
there is an increase in all temperature readings when com-
pared to the model at an ambient temperature of 20 ◦C
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(see Fig. 21). The distribution of heat across the first insu-
lating layer is shown in Fig. 24. The minimum, maximum
and average temperatures increased compared to the same
layer in the previously performed simulation at an ambient
temperature of 20 ◦C (see Fig. 22).
The temperature values for several assembly layers are

shown in Table 5 including their minimum, maximum and
average values. The temperature rise results obtained using
the thermal simulation meet all criteria set forth in the appli-
cable standard [25] and [26].

FIGURE 23. Distribution of heat across 5th insulating layer at 40 ◦C.

FIGURE 24. Distribution of heat across 1st insulating layer at 40 ◦C.

TABLE 5. The assembly heat distribution at ambient temperature 40◦C.

F. TIME-DEPENDENT SIMULATION
In order to analyze the heat accumulation in the electrical
cabinet, a time-dependent simulation was performed for the
model at ambient temperatures of 20 ◦C and 40 ◦C. The
simulation time frame was set to 72 hours. The simulation
step was set to 60 seconds. According to the values the
user entered, the simulation results were recorded. The final

results are presented graphically in Fig. 25, and it can be
noticed that the temperature rises gradually until it reaches
a steady state value in 12 hours and then fluctuates around
it. As expected, the rate of temperature rise in the first hour
is higher in the simulation with an ambient temperature of
20 ◦C. As seen in Fig. 25, T1 represents the temperature rise
as a function of time for the model operating at an ambient
temperature of 20 ◦C, and T2 indicates the temperature of the
model operating at an ambient temperature of 40 ◦C.

G. TEMPERATURE RISE VERIFICATION
The results must comply with the specifications of the
relevant standard in order to be valid. As stated in
subsection III-E, the highest total temperature recorded for a
model at an ambient temperature of 20 ◦C is 40.45 ◦C, which
is an increase of 20.45 ◦C above the ambient temperature. The
highest total temperature of a model at an ambient tempera-
ture of 40 ◦C is 58.44 ◦C, which is an increase of 18.44 ◦C
above the ambient temperature. As shown in Table 6, all the
requirements of IEC 61439-1 [25] and IEC 61439-2 [26]
standards have been fulfilled.

FIGURE 25. Temperature rise as a function of time.

TABLE 6. Temperature rise requirements.

IV. MODEL FOR MECHANICAL SIMULATIONS
In order to compare the two types of joints and evaluate them
in the assembly in terms of mechanical stress, mechanical
simulations were carried out.
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A. MECHANICAL SIMULATION MODEL
A piece that was extracted from the electrical cabinet assem-
bly served as the basis for the CADmodel on which mechani-
cal simulations were run. The same materials were employed
to compare the simulation findings for the two types of joints.

In the first scenario, the bolt exits the assembly through the
final upper insulation layer. The modified switching devices
are mounted on the bolt head, which is located outside the
sandwich framework. A section of the conductor positioned
in the final layer of the sandwich structure and an adjusted
washer (see Fig. 26a) are both depicted on the model.

FIGURE 26. Position of tensile forces on the bolts.

Another situation is also simulated in which the bolt is
inverted since it is possible to unscrew the bolt during regular
operation. In other words, the bolt head is towards the cabinet
rear. As a result, the mounting plate and the rear insulating
layer would stop the bolt from being unscrewed.

In the second situation, the connection was made up of a
bolt, two washers, and a copper conductor (see Fig. 26b).
Properties of the materials used in the simulations of both
scenarios are listed in Table 7. In this stage, differentmaterials
for insulation layers were still considered. In the simulations,
FR4 was used, which had appropriate properties, as well as
pertinax, which was used in other stages of the development.
Constraints were set on the insulator plates that were fixed on
all side surfaces. Other surfaces which were in contact with
each other were defined with the function,,Surface Gluing‘‘.
The specified function linked the surfaces to prevent relative
motion in all directions, allowing the load to be transferred
from the bolt to other assembly components. The surfaces
that were in contact with each other were defined manually.
The analysis performed inNXwas linear and thematerial was
assumed to be permanently elastic and infinitely rigid. Hence,
the results of the mechanical simulations show the elastic
area and do not exceed the limit of elasticity, after which
permanent elongation and fracture of the materials occurs.

TABLE 7. Properties of materials used in simulations.

TABLE 8. Results of tensile stress simulation in the first scenario.

B. TENSILE STRESS SIMULATION
The simulation provides results for the tensile strength, which
is a ratio of the maximum force F achieved during tensile
testing to the initial cross section of the test sample A0 and
it is determined as follows:

σ =
F
A0

(1)

Different values of tensile forces were set, at which the
mutual dependence of relative elongation and tensile stress
was determined (see Tables 8 and 9). Graphical presentation
of the results is shown only for the tensile force of 5 N). The
total elongation was calculated for the assembly and on the
cross section of the bolt. Relative elongation, ϵ was defined
as the deformation or displacement of materials caused by
stresses, expressed in (mm), and in this case it was calculated
on the cross section of the assembly. The relative elongation
was determined as follows:

ϵ =
1L
L0

(2)

where 1L is the change in length after the test and L0 is the
initial value of the length. The tensile force was defined on the
side surfaces of the bolt for both scenarioswith the y-direction
as shown in Fig. 26. The results are presented graphically in
Section IV-D for a better analysis of the joint and with aim to
detect critical points where the greatest stress would occur.

TABLE 9. Results of tensile stress simulation in the second scenario.
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FIGURE 27. Total displacement in tensile stress simulation.

C. SHEAR STRESS SIMULATION
Shear stress is the ratio of themaximum force achieved during
the shear test to the initial cross section of the test sample.
The force was exerted on the side of the bolt body and acted
in the direction of the x-axis to bend the bolt joint. Joint
bending occurred in normal operation due to the gravitational
force and the weight of the components that were placed on
the output pins. Total elongations of the assembly caused by
shear stress as well as total stresses and relative elongation
on the cross section of the screw were obtained. Areas of
the greatest stress can be identified on the graphic display of
the data for the shear force of 5 N exerted on the complete
assembly and the cross section of the assembly.

D. RESULTS OF TENSILE STRESS SIMULATION
In the first scenario, the results of the tensile stress sim-
ulation show that the maximum value of total displace-
ment was reached at the screw head with a value of
0.0000789 mm when the tensile force was applied, as shown
in Fig. 27. The maximum reached value of total elongation
was 0.000154 mm and it was reached at the joints of the
washers and insulating layers. The maximum stress in the
first scenario was reached at the bolt head with a value of
0.375 MPa. The rest of the results for different tensile forces
in the simulation of the first scenario are listed in Table 8.

In the second scenario, the maximum value of the total
elongation for the tensile force with a value of 5 N exerted on
the assembly amounted to 0.000008671 mm, located on the
upper part of the bolt body. The maximum value of relative
elongation was 0.000000741 mm/mm and was reached at the
edges of the insulating layers as shown in Fig. 28. The highest
stress was at the ‘‘neck’’ of the conductor, where it began to
spread into,,the ring‘‘, and the stress concentration was the
highest. The proximity of the location where the conductor
was fixed and the tensile force acted in the direction of the
y-axis throughout the full surface of the bolt body contributed
to this outcome. The maximum tensile strength in the second

scenario was 0.341 MPa. The results for different tensile
forces are listed in Table 9.

FIGURE 28. Relative tensile elongation of the assembly in the second
scenario.

FIGURE 29. Maximum stress in shear stress simulation in the first
scenario.

E. RESULTS OF SHEAR STRESS SIMULATION
In the first scenario, the maximum value of the total displace-
ment for the applied shear force of 5 Nwas 5.1·10−4 mm. The
force was applied to the side of the bolt head. As expected,
the largest material displacements were achieved at the top of
the bolt head where the cross section was smaller. Fig. 29
shows the same result, but the deformations are shown as
10% of the model in initial conditions without the applied
forces. The connection between the washer and the bolt on the
first insulator plate was the place where the problem lay. The
maximum stress was on the upper part of the washer with a
value of 0.378MPa. Themaximum relative elongationwas on
the first insulating plate with a value of 3.368·10−5 mm/mm.

38906 VOLUME 11, 2023



M. Odak et al.: Innovative Technology for Production of Electrical Cabinets Using Laminated Conductors

In the second scenario the greatest elongation for the
applied shear force of 5 N was 0.00007207 mm. It was
achieved on the upper part of the bolt body like in the tensile
stress case. In the second case, where the bolt was bent, the
upper portion of the washer was under the most stress. The
maximum value of the stress was 0.0914 MPa.

V. DISCUSSION ON ELECTROMAGNETIC COMPATIBILITY
The international standard IEC 61000 defines the general
conditions and rules required for testing the electromagnetic
compatibility (EMC) of almost all products with electronic or
electrical circuits in order to ensure that they do not interfere
with other electronic equipment or cause electromagnetic
interference (EMI) that could impact the operation of nearby
devices. The EU Directive [30] on EMC also defines the
rules for placing electrical/electronic equipment on the mar-
ket within the European Union.

Since the developed prototype does not contain any active
electronic parts, it can be considered inherently benign. This
means that the prototype cannot generate significant amounts
of electromagnetic energy. Devices that are inherently benign
in terms of electromagnetic compatibility are exempt from
EMC testing [30]. Accordingly, it is not necessary to conduct
the EMC testing for the developed prototype. However, the
proper design and installation procedures [25] should be
followed to reduce the possibility of EMI and guarantee an
efficient operation of the electrical cabinet and any neighbor-
ing electronic equipment.

FIGURE 30. Schematic diagram of the heating test.

The future application of this technology includes connect-
ing active components (e.g. soft starters, frequency convert-
ers, chargers for electric vehicles), so that full EMC testing
for immunity and emission must be carried out for such
prototypes.

VI. EXPERIMENTAL TESTING
In order to verify the technology according to the tests speci-
fied in the standards IEC 61439-1 [25] and IEC 61439-2 [26],
a prototype was made that was identical to the 3D model
used in the simulations. Heating testing including a current
flow test, a dielectric test, a peak current value test and a
short circuit current test was performed on the assembly or
individual layers.

A. HEATING TESTS ON ONE LAYER
Transformers were used to finely regulate the conductor cur-
rent during the experiments, as illustrated in Fig. 30. Using
this combination, the current flowing across individual con-
ductors can be controlled more precisely.

Temperature of the conductors was measured with a ther-
mal camera FLIR T532 [24], and eight PT1000 temperature
sensors glued to the conductors with a thermally conductive
glue and connected to the data logger MultiCon [31] which
was used to record temperatures (Fig. 31). This ensured
that the findings of the temperature measurements taken by
thermal camera could be traced and independently verified.
Firstly, a 250 A current was set with the plate facing up,
leaving the conductors uncovered and allowing radiation to
further cool the system. This was not the case when the
board and conductors are inside the sandwich structure during
normal operation. That is why a different process was used,
and the plate was turned towards the wooden surface in an
effort to closely resemble the sandwich structure. With the
plate turned, measurements were done using a current (with
an RDF factor) of 220 A, measured in a stationary state, and
an adjusted nominal current of 250 A, measured through-
out the process at various moments during the stationary
state. To ensure the readings were as accurate as possible,
the thermal camera emissivity factor for the materials used
in the assembly was established and a matting spray was
applied to the conductors. In needs to be mentioned that the
detected temperatures on the camera may have a measure-
ment error, meaning that they display a temperature that is
several degrees higher, due to reflections on the board and
conductors.

FIGURE 31. Configuration of the heating test.

The results of all heating tests indicate that the maximum
temperature was reached in the second phase on the input
connections. Because the L2 phasewas heated by the adjacent
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FIGURE 32. Display of temperature measurement on output contacts
obtained with a thermal camera.

phases, the maximum temperature was also measured on the
output contacts in the second phase (see Fig. 32). The least
heating was on the PE conductor. In the first case, when
the current was 250 A and the plate was facing up, the
temperature at the input contacts in L2 was 78.9 ◦C and at
the output contacts for the same phase it was 59 ◦C. After the
plate was turned towards the wooden surface, temperatures
were measured at the same locations in a steady state. The
maximum temperature at the input contact was 91.7 ◦C and
at the output it was 64 ◦C. In the last case, the current was
set to 220 A and the temperature at the input contact of phase
L2 was 71.6 ◦C, and at the output contact of the same phase
was 53 ◦C. The observations revealed several discrepancies
in the thermal calculations that were run. The temperatures
were around 20 ◦C higher than in the simulation testing,
and they were even higher on the supply side. The specified
temperatures were the maximum temperatures that appeared
on individual phases. These results led to the conclusion that
the heating of the supply connection, which was not carried
out as it would be on the prototype, was the cause of the heat
build-up on the aluminum buses.

In laboratory conditions, the connectionwasmadewithM8
screws tightened with a torque of 20 Nm. For a smaller tight-
ening torque, the contact resistance was higher and it resulted
in even greater heating. Further tightening of the screw would
cause the insulation board to fracture. The results of the
tests conducted indicate that the next step should focus on
measuring the heating of the contact joint, as it was done
in the prototype. Additionally, it was necessary to create the
contact joints outside of the prototype sandwich structure for
a subsequent heating test. By doing this, it was ensured that a
large amount of heat was kept outside the sandwich structure.

B. HEATING TEST OF THE PROTOTYPE
A prototype identical to the 3D model used for thermal
simulations was made for an experimental heating test (see
Fig. 33). Temperatures were measured in the LV switch
block (without any other equipment) at different locations

FIGURE 33. Prototype for experimental testings.

and after a steady state was reached in the heating test, the
fan was turned on. The heating test was carried out with
current of 250 A and a frequency of 50 Hz. Fig. 34 shows
the measurement locations chosen for the heating test. The
locations of the temperature probes are marked from 1 to 12.
The two additional probes were located on the door and at the
top of enclosure. The figure also shows values of the currents
on individual inputs (250 A) and outputs (80 A, 63 A, 40 A).

FIGURE 34. Locations of temperature probes.
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FIGURE 35. Results of circuit heating test.

The results of the circuit heating test are shown in Fig. 35.
The test was conducted in accordance with the requirements
of the standard [25], [26] and the ambient temperature was
24.4 ◦C. The maximum temperature rise was achieved at
the 250 A supply connection on phase L1 with a value of
61.3 ◦C. Other locations experienced values between 29.8 ◦C
and 47 ◦C. Rises in temperature within the housing were
7.9 ◦C at the door and 9.4 ◦C on the top surface. The test
findings were in compliance with the specifications while
taking into consideration that the temperature differences at
the measured locations 1 to 14 were not allowed to exceed
+70 ◦C [25]. The test results also meet the requirement that
the temperature rise on the housing should not be higher
than 30 ◦C. Fan cooling was activated after the heating test
achieved a steady state. The monitored locations recorded
temperatures that ranged from 17.0 ◦C to 29.3 ◦C, except for
the temperature change on phase L1 where it was 45.7 ◦C.

C. DIELECTRIC TEST OF THE PROTOTYPE
The prototype underwent also a dielectric test. The environ-
mental conditions during the test were ambient temperature
of 27 ◦C and relative humidity of 60%. Dielectric charac-
teristics were examined with a nominal insulation voltage
of 1000 V. The test voltage of 2200 V was applied for a
duration of 60 s at a frequency of 50 Hz. The specified values
were applied between all active parts (phase and neutral con-
ductors) connected to each other and the protective conductor.
The test was also conducted between each individual phase
and the other phases, connected to accessible conductive
parts. During the test, there was no voltage breakdown or
overshoot, and the prototype passed the test.

FIGURE 36. Test circuit.

TABLE 10. Results of current test.

D. PEAK CURRENT AND SHORT CIRCUIT CURRENT TEST
The test of the main circuit was carried out (see Fig. 36) with
a nominal tolerable peak current value Ip = 17.0 kA and a
nominal short circuit tolerable current Ik = 10 kA, 50 Hz of
a nominal duration of 1s. The results are shown in Table 10.
After the test, the prototype was visually inspected and no
damage was observed. According to the applicable standards
[25] and [26], the assembly passed all electrical tests.

E. TENSILE TEST OF THE SCREW CONNECTION
A prototype of the LV electrical cabinet was used also for
performing mechanical tests. Tensile tests were run on the
bolts and nuts that had been taken out of the switch block
and a torque wrench test was used to tighten the bolts on the
assembly. For the same reason they had to be subjected to
mechanical tests to be verified in accordance with the relevant
standard [25], [26]. All tests were performed on threads M4,
M6 and M8 on three samples each.

FIGURE 37. Screw connections after tensile test.

TABLE 11. Results of tensile test carried out on screw connections.

Testing the resistance of the screw connection to a normal-
ized tensile force and figuring out the tensile force at which
the bolt-nut connection would deform was also required.
The conditions of the critical area on the bolt and nut under
tensile stress were analyzed. To prepare the connection for a
typical use of the assembly, the bolt was tightened into place.
A 150 kN shredder was used to test the sample, and while the
nut was fastened, the bolt was subjected to a tensile force. The
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TABLE 12. Results of tensile test carried out on bolts.

test was carried out until screw connection broke as shown in
Fig. 37. The results are shown in Table 11 together with the
test results. Also, the highest forces that can be applied to
the connection before the bolt breaks or the thread becomes
damaged, are provided. The thread surface pressure and the
highest measured tensile strength for that particular scenario
are also listed.

FIGURE 38. Samples of bolts after tensile test.

FIGURE 39. Samples of bolts in position before bending test.

TABLE 13. Results of bending test carried out on screw connections.

F. TENSILE TESTING OF BOLTS
After the tensile test had been performed on the joint, it was
necessary to apply the tensile test on the bolt itself. The bolt
was placed in a 150 kN shredder and the pulling force was
applied on the head of bolt. The sample was subjected to a

controlled tension until fracture. The break occurred on the
threads, or more specifically and as expected, where the bolt
had a smaller cross section. The results listed in Table 12 show
the maximum force and tensile strength of the tested bolts.
Fig. 38 shows the state of the test samples after the test.

G. BENDING BOLT TEST (CANTILEVER LOAD)
A potential problem with the connection technology was the
load of the joints due to the effect of gravity. Moreover, there
was a possibility of the joint to bend due to the weight of the
switching devices. As a result, the bolt underwent a bending
test in settings similar to those in normal conditions. A bolt
was placed horizontally in the breaker and subjected to a
bending test as shown in Fig. 39. The test was carried out
to a deflection of 30 mm, and the action force was 30 mm
from the top of the bolt head. The bolts used in the testing are
M4, M6 and M8, and their dimension and shape are given in
Table 13. The results of the bending test show the force that
occurs during deflection. The outcome of the bending tests
run on all samples is that there is no damage. Fig. 40 shows
the results of the bending test.

H. TESTING BOLTS BY FASTENING THEM WITH A TORQUE
WRENCH (TORSION)
A torque test was performed with a torque wrench on the
bolt that was placed in the assembly to verify the security
of the connections. Bad connections could result in energy
loss and overheating, thus the analysis determined the highest
values of the moments at which the bolt would snap. The
values were compared with the acceptance criteria defined by
calculation. By comparing the values of the criteria defined
by the manufacturer and the test results, it was determined
that all types of the bolts met the requirements. The reference
for the result values was bolt breakage, and all test cases met
the criteria as it is shown in Table 14.

FIGURE 40. Samples of bolts after bending test.

VII. ECONOMIC ASPECTS OF TECHNOLOGY
In terms of initial investment costs, laminated conductors
may have a higher upfront cost compared to traditional wire
and ducts connections. This is due to the fact that the tech-
nology is still rather new and might need specialized pro-
duction methods and tools. However, over the long term,
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TABLE 14. Results of torsion test.

laminated conductors may be more cost-effective due to their
higher efficiency, reduced production time and maintenance
requirements, and improved safety features. The laminated
conductor technology can enhance temperature management,
minimize the possibility of wire breakage, and increase resis-
tance to vibration and mechanical stress. These qualities
could improve the overall dependability of the electrical cab-
inet, lowering maintenance costs and downtime.

However, the reliability of laminated conductors also
depends on proper installation and maintenance. If installed
andmaintained incorrectly, laminated conductorsmay be sus-
ceptible to failure, which could lead to higher costs and poor
reliability. Tomaximize the advantages of the technology, it is
crucial tomake sure that suitable installation andmaintenance
procedures are followed.

To conclude, while laminated conductors may have a
higher upfront cost, their improved reliability and reduced
maintenance requirements may result in long-term cost
savings.

VIII. CONCLUSION
This paper presents the development of a new technology for
connecting components in electrical cabinets. If successful,
this method would fundamentally alter the way how electrical
cabinets are manufactured and maintained. Initial simulation
models allowed for the elimination of less successful scenar-
ios and, on the other hand, for the cost-effective production
of less test specimens for experimental testing. The critical
heating points of each component and the entire assembly
were determined using the CFD approach. The temperatures
obtained from the thermal simulation of the assembly and
each part show that they are within the acceptable range.
After simulations had been run, the assembly was verified by
experimental testing of heating caused by current conduction.
The results showed that all requirements were met. Electri-
cal tests verified the ability of the prototype to withstand
dielectric requirements and tests with peak current and short
circuit withstand current. Mechanical simulations served as a
starting point in the development of a joint that wouldmeet all
strength requirements and at a same time fulfill the function
of conductive parts of the cabinet. Furthermore, tensile tests
were performed on the bolt and the bolted joint, and bending

test was performed on the bolt. These tests verified that these
components can withstand all stresses that would occur in the
operation of the assembly. Torsion on the bolt in the switch
block was also tested by tightening the torque wrench, which
is a necessary action in every installation of the assembly. The
next stage in the development of the prototype would be to
assemble a model which would include active components
that would be tested for electromagnetic compatibility, which
is also final examination according to the requirements for
residential and industrial environments. Finally, further work
will focus on fully automating the production of electrical
cabinets that would be based on the proposed technology.
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