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ABSTRACT This paper presents a new concept in underground medium voltage substations for an optimized
operation performance and overall cost reduction. Due to its high-level embedded automation and com-
munication systems, increased standards of reliability, availability and security are reached. Moreover, less
expensive IP00 equipment can be used instead of higher IP-rated equipment, since the substation enclosure
is hermetic and pressurized. Cost and time of construction works are reduced, as is the inconvenience to the
population, especially when it comes to intense traffic areas. In addition, overall personnel labor is downsized,
which reduces costs. In this context, the features and design guidelines of the proposed substation concept
are presented, along with the methodology developed to address the thermal, structural and electric design
issues.

INDEX TERMS Automation, finite elements analysis, reliability, thermal analysis, underground substations.

I. INTRODUCTION
Large metropolitan areas, highly populated city regions and
commercial centers are continuously facing complex chal-
lenges, with one being the increasing demand for power sup-
ply and, consequently, the constant need for the expansion of
electric power distribution systems [1]–[2].

In certain cases, the solution involves the construction of
underground substations to increase the offer of power, which,
despite being the most feasible type in specific situations,
still present several drawbacks, such as limited room for the
dissipation of the heat generated by the transformer [3]–[5].

Another drawback is the need for employing high-rated
IP equipment, usually IP67, able to withstand harsh ambient
conditions, such as floods. This adds greatly to the over-
all cost of equipment and reduces the number of existing
brands/models/suppliers, which, in turn, may be a second
factor leading to elevations in cost, since the purchase is often
performed through public bidding. Besides, in conventional

underground substations, the automation level is usually low,
despite a growing demand to expand the number of intelligent
electronic devices (IED) using the latest communication pro-
tocols, such as that defined in the International Electrotechni-
cal Commission (IEC) Standard 61850 [6]. The low automa-
tion level increases inspection and operation costs and the
required time to put the system back into operation, in case
of failure. In addition, several cases of fire and explosion have
been reported over time in this type of facility [7]–[10], from
all over the world. Furthermore, construction works for its im-
plementation are very time consuming, causing inconvenience
to the population, especially in areas of high pedestrian and
traffic density. Floods and animal invasion, such as snakes, is
also a problem [11]–[12], as illustrated in Fig. 1.

In light of the aforementioned drawbacks, a new concept of
underground substation has been developed, which is detailed
throughout this paper. However, for an initial insight, its basic
characteristics are presented in the following.
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FIG. 1. (a) Two snakes entered an electric box and caused a short circuit
[11]; (b) Electrical fault explosion killed one worker [8].

The substation ambient is a metallic enclosure, hermetically
closed and IP67 rated. To ensure its leak tightness, it is also
pressurized to generate an internal positive pressure. All the
equipment is thus IP00 and the transformer is of the dry
type. The substation is featured with high-level automation
and communication systems and with an air-cooling system to
keep its internal temperature at the appropriate threshold. The
enclosure construction, equipment mounting and connection,
cabling and commissioning is all set up prior to its trans-
portation to the operation location, leaving only the power
connection to be constructed in loco. This modularity highly
reduces the installation time. The prototype under current de-
velopment is rated for 1 MVA, 13.8 kV / 380 V, and, for such
a model, its external measures are 6.0 (length), 2.4 (depth) and
3.2 (height) meters.

In summary, the innovative character of this project can
be seen in the use of common equipment, normally destined
to conventional systems, now being used in an underground
distribution grid, in a safe manner. In other words, through
the fact that the substation project ensures that it is airtight,

FIG. 2. Illustration of the prototype under development.

equipment with IP00 safety rating can be used in a subter-
ranean application, which generates a generous economy in
terms of its acquisition. This is seen not only through its
intrinsically lower cost, but also through the fact that there
exists a larger number of suppliers for this type of equipment,
which contributes toward the reduction in acquisition costs,
customarily performed through a bidding process. Notewor-
thy also is that the airtight attribute results from various solu-
tions adopted throughout the development of the substation,
such as the appropriate design and assembly of the enclosure,
the characteristics of its sealing and the pressure used, among
other factors. In addition, the type of refrigeration system
specified for this substation (chiller) is not found in other
substations [5], [13], as such this provides a substantially
higher service life than more commonly used refrigeration
systems, which elevates the reliability indexes. Finally, the
level of sophistication of the designed automation and control
system is above that traditionally seen in other substations,
thus guaranteeing greater safety in operation, availability of
equipment and continuity of service, besides compatibility
with the Smart Grid concept. Figure 2 presents a preview of
the underground substation under study, for which the specific
features and design methodology will be discussed in the next
sections.

II. MAIN FEATURES OF THE PROPOSED SUBSTATION
DESIGN
In the previous section, an overall description of the substation
concept was presented as an initial insight. In the following,
its main characteristics are further discussed for a broader
understanding.

A. SUBSTATION OVERVIEW
Figure 3 provides an external view of the substation structure
in focus. It consists of a self-supported galvanized steel struc-
ture with anticorrosive coating (1), lifting eyelets (2) and top
cover access (3) and hatch (4). On one of the sides, there is
the (5) medium voltage box, while, on the other, one finds the
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FIG. 3. External view of the enclosure.

FIG. 4. Internal view of enclosure and the substation equipment.

air-cooling equipment (6), the low voltage junction box (7)
and distribution panel (8).

The interior view is depicted in Fig. 4, showing the medium
voltage switchgear (1), the dry type transformer (2), the auxil-
iary service supply system (3) and the automation system with
cameras, sensors, and actuators (4).

B. EQUIPMENT DESCRIPTION
The standard equipment that constitutes the substation under
development is summarized below:
� Dry type transformer, ranging from 150 kVA to 2 MVA,

equipped with RC snubber. In the prototype under devel-
opment, a 1 MVA transformer was considered.

� Gas insulated and motor driven/remote controlled
switchgear, featuring IEC 61850 and DNP3 communi-
cation protocols.

� LED interior lighting.
� Cameras (including thermal) for monitoring the enclo-

sure interior.

FIG. 5. Main components and design details of the cooling system of the
proposed substation.

� Power system for the auxiliary circuits/services fea-
turing a no-break unity able to supply the camera,
lighting, automation and communication systems en-
ergy demands for eight hours, as well as the switchgear
drive/commands and the pressurization system.

C. AIR COOLING AND PRESSURIZATION SYSTEMS
The major source of losses inside the substation is the dis-
tribution transformer, whose generated heat must be ade-
quately removed by an air conditioning system to keep the
enclosure internal temperature at acceptable levels. A chiller
system type was then chosen and dimensioned to ensure a
top temperature of 40 °C in the critical regions (where the
electronic equipment is placed). Noteworthy here is that this
cooling strategy has not been found in underground substation
applications, thus representing an innovation for the design.
Figure 5(a) shows the most relevant details of the air cooling
system that was designed, where (1) indicate the three fan
coils installed on the top cover of the enclosure, (2) are the
inlet (chilled water) and outlet (hot water) pipes (in blue and
purple, respectively), (3) is the evaporator unit, (4) is the air
condenser unit, (5) is the ambient air inlet and (6) is hot air
outlet. Figure 5(b) highlights the inlet and outlet pipes and
the corresponding connections to the evaporator unit and fan
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FIG. 6. Main components of the pressurization system of the substation
enclosure.

coils. A complete thermal analysis is performed in section 3.1,
whose results were used for the specification and dimension-
ing of the air cooling system characteristics and rating.

Along with the appropriate design and mounting of the
enclosure structure, the substation leak tightness is aided by
keeping an internal positive pressure, provided by an air com-
pression system, at the level of 0.5 bars. A reduction of the
measured pressure, below the threshold, or even a continuous
operation of the compressor, may be used as a warning alarm
for any eventual enclosure lack of sealing. For the sake of
security and to prevent hazardous situations, safety valves
have been specified to alleviate pressure peaks resulting from
abnormal situations, such as the air expansion caused by the
occurrence of an electric arc in the interior of the substation,
for example.

Figure 6 illustrates the substation enclosure featuring only
the components that make the pressurization system. In
Fig. 6(a) are illustrated (1) the manometer, (2) the inlet (com-
pressed air), (3) the compressor unit and (4) the pressure
switch. Figure 6(b) emphasizes (1) the three pressure relieve
and safety valves installed on the top cover of the substation.

D. SENSORS AND ACTUATORS
The operation and security elements of the substation will
be largely served by sensors, with redundancy, to increase

reliability and help the operation center to make decisions.
In addition, it will also feature a number of actuators to
provide the largest possible level of remote controllability. A
large variety of sensors and actuators play vital roles and are
key parts of the substation concept; as such, some are cited
below:
� Pressure sensor: by measuring the internal pressure of

the enclosure, eventual leakages and liquid entering can
be detected. It also works as a second verification for the
hatch opening/violation.

� Water blade sensor: along with the pressure sensor, it
detects the presence of water inside the enclosure. Water
monitoring will be performed on three levels, to indicate
the intervention urgency for the maintenance staff. If the
third (highest) level is reached, an automatic substation
shutdown is commanded.

� Temperature sensors: measure the enclosure internal air
temperature and the transformer windings temperature.
Appropriate operation of the air conditioning system can
be verified by these sensors, as well as possible trans-
former problems or overload.

� Smoke sensors: installed at different points around the
equipment, generate alarm warnings and instant shut-
down, depending on the measured level. The internal
images from cameras (including thermal) help to identify
the problem.

� Inductive sensors: monitor the hatch opening and also
the position and status of moving parts of devices
(medium voltage panel doors, automation rack door,
etc).

� Electric arc detection: the substation will feature optical
fiber sensors placed at key points inside the enclosure,
connected to a processing unity for arc occurrence iden-
tification.

E. AUTOMATION, COMMUNICATION AND SUPERVISION
Regarding the substation automation and communication ca-
pabilities, the premises for the system specification are the
following:
� Stand-alone operation and alarm warning generation;
� Protocols able to implement smart grid services;
� Ability to connect to the power company supervisory

system and its IT infrastructure;
� All communication made through optical fiber and using

the IEC 61850 protocol;
� A local PLC to evaluate all operating conditions and to

act locally in urgent cases, providing redundancy and
automatism if the communication with the power utility
operation center is temporarily lost.

An overall view of the automation system structure is de-
picted in Fig. 7. Noteworthy here is that it enables the proto-
type to be classified as a “smart substation” [14].

The SE automation project can be summarized according to
the architecture exhibited in Fig. 7, in which one readily notes
five layers, namely:
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FIG. 7. Overall structure of the substation automation system.

� Control/SCADA: refers to the supervisory system, ex-
ecuted at the Operation Distribution Center and which
allows for the control of SE resources, remotely.

� Communication Network: this element is physically al-
located inside the substation and refers to the com-
munication between the supervisory and the internal
components of the substation. The network is basically
constituted of switches and a safety gateway which con-
trols access via IP.

� Substation: this has the PLC (Programmable Logic Con-
troller) as its central unit, which, in this project, will
take the role of monitoring the operation of the envi-
ronment variables, such as temperature, pressure, water
level, access etc., through the connection of sensors and
actuators.

� Bay: at this level one has the electronic devices that
monitor the electric variables of the substation in MV
or LV; these are basically constituted of disconnection
switches, circuit breakers and protection relays.

� Process: this level is constituted of the power equipment,
such as electrical busbars, power and measurement trans-
formers, switches (circuit breakers, motorized discon-
nectors, etc.).

The layers, also called levels, are defined by the standard
IEC61850, with exception of the communication network,
which was created in this project to attend to the aforemen-
tioned objectives, while introducing a desired level of techni-
cal innovation in line with modern communication techniques
[15], [16].

III. MAIN BENEFITS FOR THE POWER COMPANY
RESULTING FROM THE PROPOSED SUBSTATION
The operation of the substation discussed in this paper result
both in service quality and financial gains, as explained in the
following.

A. PRODUCTIVITY INCREASE
The productivity gains come from personnel labor time low-
ering in various sectors of the company, as well as contract
values reduction of construction and electrical works. More
specifically, man-hour savings will take place:
� In the underground substations project team.
� In the works, projects and maintenance staff, due to the

shorter time spent in the annual survey for equipment
acquisition planning.

� In the personnel responsible for the underground works
inspection, since the proposed substation concept re-
quires much less implementation time.

� In the operation team, once the substation disconnection
from the grid is fully automatized.

� In the works and maintenance staff, as a result of the
shorter waiting time for the substation shut down for the
intervention begin.

� In the maintenance personnel, due to the solution of the
problems normally related to conventional underground
substations, such as floods, low automation level, re-
quired time to locate faults, thefts or to replace equip-
ment in underground circuits.

� In the electrical works team, since the overall cost of
the equipment mounting is cheaper in the case of the
proposed substation.

Aside from the aforementioned, the construction works cost
and time are inferior to those related to the underground
substations currently in use. In addition, there is a revenue
increase, since the asset is put into operation over a shorter
period.

B. SERVICE QUALITY
An improvement of the service quality indexes will take place
as a result of the high level of automation in the substation,
supervision and control, along with the increase in reliability
due to a comprehensive protection system. The reasons are as
follows:
� Complete internal monitoring of the enclosure, with es-

tablished security levels, alerts and actions.
� Full remote control of the switchgears and protection

devices.
� Monitoring of hot spots using thermal cameras.
� Leak-tightness and measurement of the internal air hu-

midity, temperature and pressure.
� Reduced system recovery time due to the monitoring

of the short circuit sensors and the protection/switching
devices remote control.

� Less occurrences of system failures due to flood, animal
entry, gases, fire and explosions.

� Reduction in theft of cables and internal equipment due
to an efficient security system, which comprises remote
controlled electromagnetic locks, access monitoring of
the hatch and internal panels, as well as of the low and
medium voltage junction boxes, with alert generation;
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� Improvement in power quality and power continuity in-
dicators.

C. ASSETS MANAGEMENT
The management of the assets becomes simpler because the
whole substation can be considered as one single item (if this
is convenient for the energy utility), with a single depreciation
rate, useful life, replacing time, etc.

Moreover, with the real-time monitoring and storage of
the electric quantities by applying a meter data management
system (MDMS), the data can be evaluated by qualified per-
sonnel, thus enabling a better management of the system use
in terms of its demand, operation capability, etc. The result is
an optimized deployment of the asset, eventually postponing
investments on expansion.

The proposed substation concept is in line with a modern
distribution network and will be part of an advanced distri-
bution management system (ADMS). On an ADMS platform,
systems are integrated to seamlessly share network models,
measurements, database values and control signals, enabling
the distribution system operators to efficiently manage the as-
sets, quickly processing near-real-time data and getting ready
for the new environment of greater levels of distributed en-
ergy resources (DER) penetration and/or transactive loads.
Therefore, an ADMS is a combination of outage manage-
ment systems (OMS), supervisory control and data acquisition
(SCADA), distributed energy resources management systems
(DERMs) and other mobile and advanced applications from
single or multiple vendors [17].

Noteworthy here is that, due to its completely hermetic
structure, with internal temperature control and low air rela-
tive humidity, the useful life of the equipment will be extended
significantly. Finally, once the substation features a compre-
hensive security system, equipment theft will be substantially
reduced, if not eliminated altogether.

D. NON-TECHNICAL LOSSES
The automation system, with monitoring and storage of elec-
trical and other relevant data, allows for greater control of
the distributed energy. The company distribution operation
center will be able to compare the energy delivered by the
substation with the corresponding revenue, quantifying and
sectoring the non-technical losses, while allowing for more
accurate auditing and more effective measures to be taken
against energy theft or frauds.

E. ENERGY MARKET
Benefits regarding the energy market are also expected from
the data volume obtained in the substation. Load curves can
be derived for each substation, sectoring the energy demand,
improving the statistical analyses and enabling more precise
predictions for future needs of power expansion and valida-
tion.

FIG. 8. Flowchart of the modelling strategy for the thermal analysis.

IV. DESIGN METHODOLOGY
Among the challenges for the development of the proposed
substation concept, the mechanical design of the enclosure
and the thermal concerns have been shown to be the most
complex ones. Since mechanical issues are out of the scope
of this paper, in subsection A the methodology employed for
the thermal design is addressed in detail. Considerations on
specific electrical design issues and tests are briefly discussed
in subsection B.

A. THERMAL ANALYSIS
The thermal analysis of the proposed substation aims at en-
suring all equipment operates under favorable temperature
conditions, which is desired to be kept at levels lower than 40
°C, as those established in [18] for the dry-type transformers.
The modelling and the thermal simulation of the system were
performed by employing the finite element method (FEM)
[19]–[21], using the software Ansys. Among other investiga-
tions, the thermal analysis enabled: (i) the dimensioning of the
refrigeration system, (ii) assessment of performance, (iii) the
definition of temperature gradients in the environment, and
as such the temperature values to which the various types
of equipment will be submitted, (iv) the performing of case
studies that involve changes in the layout of the substation
(internal redistribution of electrical equipment, installation of
dividers in order to isolate groups of equipment, etc.), (v) the
definition of the need or not for the installation of ventilators
on the transformer.

After raising the losses for all the equipment installed
within the interior of the substation, it was understood that
the transformer would be responsible for around 85% of the
heat generated inside the enclosure. For this reason, when the
subject falls upon the thermal modeling of electrical equip-
ment that constitutes the system of this study, it will receive
special attention. The development of the simulation followed
the methodology illustrated by the flowchart of Fig. 8.
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TABLE 1. Physical Characteristics of the Windings

According to the previous flowchart, one has the following
step-by-step procedure:
� Initially, a purely electromagnetic simulation is devel-

oped, using the ANSYS Maxwell tool.
� A load is imposed to the transformer, which will submit

the equipment to different operating conditions (nominal
and overload, for example).

� Starting out from the operation condition, it is possible to
obtain not only the total losses on the transformer, but, in
particular, the distribution of the equipment losses, thus
identifying the localization of hot points. Noteworthy
here is that this simulation is validated for the nominal
operating condition, by means of comparing the total
losses in the windings and in the magnetic core, along
with the magnetic flux value, with the manufacturer data.

� In light of the results for the distribution of losses on
the transformer, one thus has the main source of heat
in the interior of the substation. These data are then
exported to the ANSYS Fluent tool, using the multi-
physical environment of the ANSYS (Workbench). The
importance of developing electromagnetic simulations
of the transformer is thus noted here. This occurs as
it is not sufficient only having knowledge of the total
losses, being also necessary to know their distribution
over the equipment. In this way, one has a more accurate
boundary condition for executing the next step.

� By means of the ANSYS Fluent, the data for losses are
imported, for the appropriate thermal and fluid analysis.

� From the losses distribution results, the temperature dis-
tribution on the transformer is obtained, allowing the
identification of hot points on the equipment. The varia-
tion of the temperature in the interior of the substation,
from the imposed heat source, is also obtained at this
point.

� Finally, through the consideration of the cooling system
operation, the temperature levels on the transformer and
also in the interior of the substation are obtained, to
verify if these are acceptable; if not, the cooling system
is resized.

- Modeling of the transformer – Losses Analysis
The representation of specific electrical equipment for sim-

ulation by means of FEM requires knowledge of the electrical,
magnetic and thermal parameters of the material that consti-
tute that specific piece of equipment, in addition to its geo-
metric and structure details. Such information was obtained
directly from the manufacturer of the transformer, presented
on Tables 1 and 2, which show the characteristics of their

TABLE 2. Physical Characteristics of the Core

FIG. 9. Physical model of the transformer implemented in the Ansys
Maxwell. (a) General view of the model and (b) Top view, illustrating the
arrangement of the coils.

windings and ferromagnetic core. The transformer under con-
sideration is of the dry-type, 1 MVA, 13.8 kV / 380 V.

Based on the constructive characteristics of the transformer,
the physical model was designed directly on Ansys Maxwell;
the results obtained are shown in Fig. 9.

The low voltage winding (internal) is composed of 16 turns,
distributed across three layers, among which there exists a
space filled by air, as shown in Fig. 9(b). These turns are
formed by an aluminum sheet of 1.3 mm in thickness and 1
meter in width (corresponding to the height of the transformer
column), wound around the core. After five turns, a separator
is placed, thus guaranteeing a space for the air to circulate
and, following this, another six turns are performed, where a
new separator is placed. Then, a final five turns are performed
and the placing of another separator. Over the last five turns, a
high voltage coil is wound, which is composed of wires with
cross sectional area of 5 AWG, forming a single layer of 12
discs, thus totaling 1006 spirals for the 13.8 kV tap. However,
for the aim of the present study, the individual representation
of each turn is not necessary; as such, both windings (low
and high voltage) were represented by cylinders, for which
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FIG. 10. Curves (a) B x H and (b) B x L, extracted from [23] and [24],
respectively.

the thickness of their walls results in a volume of conducting
material equivalent to the respective set of turns.

In addition to the data presented on Table II, the modeling
of the transformer requires the B x H curves (flux density
versus intensity of magnetic field) and B x L (flux density
versus core losses). Through these curves, one can calculate
the total losses for the core per unit volume (Lv), using (1),
extracted from [22].

Lv = Lh + Lec + La = Kh f (Bm)2

+ Kec( f Bm)2 + Ka( f Bm)1.5 (1)

Where:
- Lh are the hysteresis losses;
- Lec are the eddy current losses;
- La are the additional losses;
- Kh, Kec and Ka are, respectively, the coefficients of

the hysteresis losses, eddy current losses and additional
losses, also known as Steinmetz coefficients, expressed
in [W/m3];

- f is the frequency of the applied voltage (Hz);
- Bm is the magnitude of the sinusoidal wave of the mag-

netic flux density (T).
The Steinmetz coefficients are determined by Ansys from

the insertion of the B x L curve in the software, emphasizing
that it is valid for a specific frequency (60 Hz, in this case).
Since B x H and B x L curves from the manufacturer were not
available, the curves presented in [23], [24] were employed,
which are presented in Fig. 10.

FIG. 11. Distribution of the magnetic flux density in the transformer core,
operating under rated load.

FIG. 12. Losses (a) in the core and (b) in the windings, obtained in the
transformer simulation under rated load.

After the simulation adjustment (definition of the mesh den-
sity, boundary conditions, type of solution, etc), preliminary
results were obtained in order to validate the modeling. The
first of these concerns the maximum flux density calculation
with the transformer operating under rated load, as illustrated
in Fig. 11. According to the manufacturer, this maximum
value is 1.59 T, while the one found in the simulation was
1.66 T. This demonstrates that even when using a B x H
reference curve and not that which is specific to the mate-
rial employed by the manufacturer, the result can still quite
satisfactory.

For the rated load condition, the core and winding losses
were calculated, as shown in Fig. 12. In regards to total core
losses, the value obtained in the simulation was of 2437 W,
while that provided by the manufacturer is 2132 W. Con-
sidering that the B x L curve used in the simulation is a
typical curve, and not necessarily representing in a specific
manner the evaluated transformer, a discrepancy of around
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FIG. 13. Losses distribution in one phase of the high voltage winding.

FIG. 14. Representation of the model for the thermo-fluid simulation of
the enclosure, eliminating the sidewalls for the visualization of its internal
equipment: (1) medium voltage switchgear and measuring panels, (2) rack
with the automation and communication equipment, (3) auxiliary service
equipment composed of rectifiers, no-breaks and batteries and (4)
dry-type transformer.

14% is imposed. In the case of the winding losses, a simulated
value of 11,677.4 W was obtained, while that informed by the
manufacturer is 10,846 W, which corresponds to a percentage
difference of 7%, and as such is also satisfactory.

By way of illustration, Fig. 13 shows the distribution of the
high voltage winding losses in one of the transformer phases.

The losses figures presented above, along with the results
related to other operation points of the transformer (not shown
here), were analyzed as input data for the thermal simulation
of the whole substation system, including the refrigeration
system. This study is presented in the following.

- Thermo-fluid simulations of the substation
Maintaining the temperature in the interior of the substation

at an acceptable level is crucial for guaranteeing the appropri-
ate operation and longevity of its equipment. After a thorough
technical and economic, the refrigeration system chosen was
of the chiller type, for which the dimensioning was obtained
from a thermo-fluid study performed on Ansys Fluent.

As a starting point, the enclosure model was elaborated as
shown in Fig. 14, whose interior was filled with the main
electrical equipment of the substation, in its final layout.

FIG. 15. Thermal profile inside the enclosure with the transformer
operating under rated load and with the use of (a) two and (b) three fan
coils.

A case study was performed involving (i) different load
conditions for the transformer, (ii) distinct allocation and
number of fan coils, (iii) installation of a physical barrier at the
side of the transformer to thermally isolate it from the rest of
the environment, among other scenarios. Figure 15 illustrates
the result obtained for the scenario where the transformer
operated with rated power, without the thermal and with the
use of (a) two or (b) three fan coils on the enclosure roof.

As previously mentioned, one of the premises of the refrig-
eration system project is to ensure that the internal tempera-
ture of the enclosure does not go over 40 °C at the most critical
points. In reality, this objective was reached for practically the
whole interior of the enclosure, with exception of localized
points in the vicinity of the transformer. Through an analysis
of Fig. 15 (a), which refers to the use of two fan coils situated
over the transformer, one notes that this temperature level was
exceeded in some regions. For this reason, a third fan coil was
added onto the opposite side of the transformer, centralized
on the region where the medium voltage panels and rack for
the automation equipment rack meet. In this case, the temper-
ature was maintained below the desired level throughout the
interior of the enclosure, except in the vicinities closest to the
transformer.
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B. ONGOING ELECTRICAL DESIGN ISSUES
At the present moment, some relevant questions relating to the
electrical project of the substation are still under discussion.
One such question concerns the design of the grounding sys-
tem, which presents a degree of complexity due to peculiar-
ities of the proposed substation. One of the challenges refers
to the compact dimensions of the grounding grid that can be
built. Since one of the premises of the proposed substation is
to require faster and simpler construction works for its instal-
lation in loco, in addition to a reduced area, the dimensions
of the grounding grid cannot exceed the width and length
of the enclosure by very much. This therefore limits hugely
the amount of vertical rods that may be used, along with the
distance between these. As a result, it becomes very difficult to
obtain a significantly low value for the grounding resistance.
Alternatives, such as treating the soil to reduce resistivity and
the use of a non-conventional geometry of the grounding grid
are under discussion. However, in regards to the latter, its
design and evaluation are not simple, since unusual arrange-
ments are not contemplated, in most cases, by commercial
grounding system design software, thus demanding the devel-
opment of a methodology with specific calculations, resulting
in additional complexity and development cost.

Finally, with regard to electrical tests for characterizing the
behavior and supportability of the substation, when faced with
the diverse electrical demands and thermal, mechanical and
dielectric stresses that result from these, various tests have
already been defined and established, based on [25]–[27].
Among such, one can cite (i) the measurement of the insu-
lation resistance between different points of the circuit and
the enclosure walls, (ii) the evaluation of the effects from
electric arcs due to internal failures, (iii) verification into
the supportability of the circuits (main and grounding) when
faced with a short-circuit current and (iv) verification of the
temperature increase of the system at different points, when
operating under rated load, among other tests. Tests that refer
to the electromagnetic compatibility between the electronic
equipment (automation and communication) and the electrical
environment into which these are inserted are still under dis-
cussion, and should be performed in the next phase of project
development.

V. CONCLUSION
In this work, a new underground substation concept was in-
troduced, based on a hermetic metallic enclosure, pressurized
and isolated, of compact dimensions, with an easy and rapid
installation at the site of operation, which employs electrical
equipment with IP00 classification and presents elevated lev-
els of automation and communication. Such a level of super-
vision and control optimizes the operation of the substation in
several aspects, thus generating various technical and financial
benefits, while increasing reliability and reducing the global
cost of the system, as discussed throughout this article.

In order to maintain the internal temperature of the enclo-
sure at adequate levels, in spite of the heat generated by the

electrical equipment confined in its interior, the substation
counts on a refrigeration system. The dimensioning of this
cooling system was realized employing a methodology of
thermal analysis developed in the study, based on FEM and
using the software Ansys. From the modeling implemented
in the software, there arose the possibility of simulating di-
verse scenarios, involving different transformer loadings, the
use (or not) of a barrier for separating the transformer and
the rest of the environment, different layouts regarding the
internal distribution of the equipment and the quantity and
location of the fan coils. In all cases, the temperature on the
most critical points of the enclosure interior were determined
to ensure that the equipment is not subject to any type of
thermal stress caused by the ambient temperature. After ex-
tensive analyses of the obtained results, the definition was
made for all the features of the substation project in terms
of the internal layout and characteristics of the refrigeration
system.

Worthy of note here is that a prototype of this substation
concept is under construction and some issues concerning its
design are still under discussion. These include the defini-
tion of the geometry of the grounding system that will be
implemented at its installation site and the electromagnetic
compatibility tests, which should be included in the testing
phase of the project.

Finally, due to the numerous technical and economic bene-
fits discussed along this article, it is believed that the concept
presented herein will be widely accepted in those niches for
which this application is intended.

ACKNOWLEDGMENT
The authors acknowledge the financial support granted
by the R&D Project UFU/TCE-CEB (PD-ANEEL-05160-
1803/2018) to this research project and also express their
appreciation to TRAEL Electric Transformers and ANSYS
Inc. for supplying the necessary data and tools toward the
simulation process.

REFERENCES
[1] I. Schillig, “Demand forecast for electric power for the city of st. Gallen

in the year 2050,” in Proc. 9th Int. Conf. Eur. Energy Market, May 2012,
pp. 1–8.

[2] M. Gilany, W. Al-Hasawi, and K. El-Naggar, “Problems in distribu-
tion networks,” in 1st Int. Power Energy Conf. PECon, Nov. 2006,
pp. 526–531.

[3] M. Kanaan and K. Chahine, “CFD study of ventilation for indoor
multi-zone transformer substation,” Int. J. Heat Technol., vol. 36, no. 1,
pp. 88–94, 2018.

[4] J. Gastelurrutia et al., “Towards the efficient refrigeration of transformer
substations by means of computational fluid dynamics,” in Proc. 22nd
Int. Conf. Exhib. Electricity Distrib. (CIRED 2013), Jun. 2013, pp. 1–4.

[5] T. Yu, H. Yang, R. Xu, and C. Peng, “Simulation study on ventilation
& cooling for main transformer room of an indoor substation,” J. Mul-
timed., vol. 9, no. 8, pp. 1040–1047, 2014.

[6] Communication network and systems in substations, IEC, 2003, Art.
no. 61850.

[7] I. Abuhamdah and M. A. Mehairi, “DEWA’s smart solution to mitigate
the substation fire incident in dubai substation,” in Proc. IEEE 1st Int.
Smart Cities Conf. (ISC2), Oct. 2015, pp. 1–5.

214 VOLUME 1, 2020



[8] “FD: APS worker dead after underground fire in electrical vault,”
ABC15, Jul. 5, 2019. Accessed: Mar. 1, 2020. [Online]. Available:
https://www.abc15.com/news/region-phoenix-metro/central-
phoenix/fd-aps-worker-unaccounted-for-after-underground-fire-
in-electrical-vault

[9] T. Kayali, G. Tuysuz, and M. Martinez, “Transformer explodes in
turkish coal mine; 201 die in fire,” CNN, May 14, 2014. Accessed:
Mar. 3, 2020 [Online]. Available: http://edition.cnn.com/2014/05/13/
world/europe/turkey-mine-accident/index.html

[10] P. Tomlinson and J. Shay, “Underground transformer explosion leaves
parts of sono without power,” Hour, Jan. 22, 2020. Accessed:
Mar. 7, 2020. [Online]. Available: https://www.thehour.com/
news/article/Underground-transformer-fire-closes-Norwalk-street-
14991786.php#photo-18911393

[11] “NC workers discover 2 dead snakes inside ectrical box,” CBS17,
Apr. 8, 2016. Accessed: Mar. 2, 2020. [Online]. Available:
https://www.cbs17.com/news/nc-workers-discover-2-dead-snakes-
inside-electrical-box/

[12] C. Bacelar, F. Freitas, and R. Nascimento, “Underground substation
explosion of light power company will be investigated,” O Globo (a
Prestigious Brazilian Newspaper), Sep. 26, 2016. Accessed: Mar. 3,
2020. [Online]. Available: https://oglobo.globo.com/rio/explosao-de-
bueiro-da-light-no-centro-sera-investigada-20177684

[13] M. Beiza et al., “Zonal thermal model of the ventilation of under-
ground transformer substations: Development and parametric study,”
Appl. Therm. Eng., vol. 62, no. 1, pp. 215–228, 2014.

[14] K. Heejin et al., “Smart and green substations: Shaping the elec-
tric power grid of korea,” IEEE Power Energy Mag., vol. 17, no. 4,
pp. 24–34, Jun. 2019.

[15] A. Angioni et al., “Design and implementation of a substation automa-
tion unit,” IEEE Trans. Power Del., vol. 32, no. 2, pp. 1133–1142,
Sep. 2016.

[16] X. Cheng, W. J. Lee, and X. Pan, “Modernizing substation automation
systems: Adopting IEC standard 61850 for modeling and communica-
tion,” IEEE Ind. Appl. Mag., vol. 23, no. 1, pp. 42–49, Oct. 2016.

[17] A. Razon, T. Thomas, and V. Banunarayanan, “Advanced distribu-
tion management systems,” IEEE Power Energy Mag., vol. 18, no. 1,
pp. 26–33, Jan./Feb. 2020.

[18] Power transformers – Part 11: Dry-type transformers, IEC,
pp. 60076–60011, 2018.

[19] N. Loucaides, Y. Ioannides, V. Efthymiou, and G. E. Georghiou, “Ther-
mal modeling of power substations using the finite element method,”
in Proc. 7th Mediterranean Conf. Exhib. Power Gener., Transmiss.,
Distrib. Energy Convers., Nov. 2010, pp. 1–5.

[20] J. C. Ramos et al., “Numerical modelling of the natural ventilation of
underground transformer substations,” Appl. Therm. Eng., vol. 51, no. 1,
pp. 852–863, 2013.

[21] J. P. G. Ferreira, Air Flow and Thermal Analysis of an Electrical Trans-
formers’ Substation, MS thesis, Fac. de Eng., Univ. do Porto, Porto,
Portugal, 2014.

[22] D. Lin et al., “A dynamic core loss model for soft ferromagnetic and
power ferrite materials in transient finite element analysis,” IEEE Trans.
Magn., vol. 40, no. 2, pp. 1318–1321, 2004.

[23] “Grain oriented electrical steel, ET 114-27,” in Proc. Stalprodukt.
Acessed: Mar. 5, 2020. [Online]. Available: https://www.stalprodukt.
com.pl/download/12,4,31,2,3,2/ET_114-27.pdf

[24] E. L. Boyd and J. D. Borst, “Design concepts for an amorphous metal
distribution transformer,” IEEE Trans. Power App. Syst., vol. PAS-103,
no. 11, pp. 3364–3372, Nov. 1984.

[25] High-voltage switchgear and controlgear – Part 200: AC metal-enclosed
switchgear and controlgear for rated voltage above 1 kV and up to and
including 52 kV, IEC, pp. 62271–62200, 2007.

[26] High-voltage switchgear and controlgear – Part 202: High voltage/low
voltage prefabricated substation, IEC, pp. 62271–62202, 2007.

[27] M. Bidaut and T. Cormenier, “MV/LV prefabricated substations:
Lessons learned with IEC 62271-202,” in MATPOST, Nov. 2011,
pp. 1–5.

VOLUME 1, 2020 215

https://www.abc15.com/news/region-phoenix-metro/central-phoenix/fd-aps-worker-unaccounted-for-after-underground-fire-in-electrical-vault
http://edition.cnn.com/2014/05/13/world/europe/turkey-mine-accident/index.html
https://www.thehour.com/news/article/Underground-transformer-fire-closes-Norwalk-street-14991786.php#photo-18911393
https://www.cbs17.com/news/nc-workers-discover-2-dead-snakes-inside-electrical-box/
https://oglobo.globo.com/rio/explosao-de-bueiro-da-light-no-centro-sera-investigada-20177684
https://www.stalprodukt.com.pl/download/12,4,31,2,3,2/ET_114-27.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


