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Summary:

Going electric is an important step toward a more environmentally friendly world by
reducing greenhouse gases. Some electrical devices might be able to withstand a short-
term overloading, which for example can be used for fast charging of batteries or
vehicles. A MV switchgear is one of the devices which have the possibility to handle a
short-term overloading, without exceeding the IEC temperature limits.

The objective for this thesis is to develop and implement a thermal model which predicts
the temperature rise of a specific MV switchgear, based on defined subsystems. This can
be used to determine the possible overload time when different currents are applied.

Real temperature rise tests with different applied currents are executed to gather data for
development of the thermal model’s parameters and for verification. Parameter values
like thermal time constants, heat transfer coefficients, resistance and surface areas are
determined. The thermal model is implemented in Python 3.7 where the simulated
thermal model is compared to the real temperature rise measurements.

The thermal model is able to simulate the temperature rise of the system with changing
accuracy for different test cases. When only the initial current is applied until steady
state, the average error is less than 10%. In the overload cases, some adjustments are
needed to predict accurate temperatures. When the thermal time constant is adjusted, the
thermal model is able to predict the temperature rise of the subsystems with a deviation
less than 10% compared to the real data. Based on the thermal model, possible overload
times for different applied currents is determined and presented.

The University of South-Eastern Norway takes no responsibility for the results and
conclusions in this student report.
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1 Introduction

1 Introduction

Chapter 1 describes the background for this thesis work, previous work and published papers
on temperature rise and distribution in switchgears. Further the objective and method for the
thesis is presented, before an overview of the report structure.

1.1 Background

Electrical solutions and devices have become an important part of people’s daily life. This
have led to more and more research and development in the field of electro with focus on
digitalization, optimalization and user friendliness. Going electric is also an important part of
reducing emission of greenhouse gases and being more environmentally friendly. Different
sectors are researching and developing new and better solutions where people’s needs are
meet in an environmentally friendly way.

New solutions can for example be explored within the field of electric vehicles, battery
charging and storing. Fast charging of electrical devices is increasing in importance and the
possibility of overloading an equipment for a short time period is a wanted step. Some
electrical equipment may be able to handle a short-term overloading without exceeding the
temperature limits on the device, which depends on the equipment’s thermal time constant.
This technology can also be used for fast charging of electrical vehicles, ferries and charging
of high capacity batteries, which is useful in situations like road construction sites. It must be
mentioned that this can result in intermittent, high power demand on the supply. [1]

A MV switchgear might have the possibility to be overloaded for a short time period by
utilizing its thermal time constant. This can be an important step in avoiding the need of
upgrading/renewing switchgears in substations. This is costly and leads to a negative impact
on the environment by discarding working switchgears. Switchgears can be run at different
operating currents and do not only operate at the nominal or rated current, instead they can
have a changing loading curve. How long the system can be overloaded depends on the
loading and the system devices. The temperature limits for the devices are a restrictive factor
and can be used to determine how long the system can withstand an overload without any
damage. Cables, transformers and other devices connected to a switchgear must also be
included in the analyze of overload possibility. The transformer is not likely to be the most
critical device when it comes to current overloading. Due to the transformers larger mass, the
device can usually withstand a higher overload than the cables and the switchgear. The
former master’s thesis [2] explored the cables by creating a thermal model. In this thesis
work, a MV switchgear system will be researched.

In this thesis, the focus will be on a MV switchgear test system to find the needed values for
developing a simplified thermal model. The model will be used to predict and map how the
switchgear can be run safely without getting a too high temperature, with and without
overloading. The model parameters will be gathered by executing tests on a real system. The
test results will also be used for verification of the thermal model.

13



1 Introduction
1.2 Previous work

MYV switchgear and temperature rise tests are well documented with published papers and
manuals describing the system, the temperature rise test procedure, and results of temperature
rise tests on different systems. A temperature rise test is executed on a system to ensure that
the system or product doesn’t get overheated during operation. For example how long a MV
switchgear can be loaded with a given input current before reaching the individual equipment
temperature limits according to IEC standards. [3] Published papers (like [4] and [5]) on
temperature rise test on switchgears shows the results from different executed methods. Most
of the methods are based on stationary models where the main purpose is to find the final
temperature, instead of dynamic models where the entire progress is covered.

One of the most common procedures are development of a 3D model of the system to create
a simulation of the temperature rise with different applied currents. Some examples of
popular software and methods are CFD, TNM, SINTEF and COMSOL Multiphysics. These
can be used to design systems and simulate a range of real-world scenarios based on methods
like finite difference method (FDM) and finite element method (FEM). Examples are
described in section 2.6.

Another common test is executing physical temperature rise tests on a specific switchgear.
None of the published reports or papers (found for this thesis) experiments with overloading
by a higher applied current than the nominal current for the system, but lower or changing
currents are tested. [6] The paper [5] describes temperature rise tests executed on an overhead
line switchgear without ventilation for the applied currents | = 4400A, 3150A, 2500A,
1600A, with ventilation for | = 3150A and 4400A and with one phase set to zero for | =
4400A. Another paper [7] describes 15 different temperature rise test cases. For development
of the dynamic model and not only 3D model development or stationary model description,
the paper [4] explore the mathematic development in more details.

Included in the program for Electrical Power Engineering at USN campus Porsgrunn,
laboratory work on a metal enclosed MV switchgear is performed. Procedures from these
labs (temperature rise tests and resistance measurements) are used for this thesis. Previous
master’s theses have also been performed with different relevance to this particular thesis.
Looking at the previous work done in these theses have been invaluable. Especially the
master’s theses [2] and [8]. These theses have granted me great inspiration for my own work.

The thesis in [2] have many of the same objectives as this thesis. It develops a thermal model
for two types of cables based on temperature rise tests and calculated parameters. Due to the
cables being a more homogenous system with a common structure (inside and outside part of
the cable) and setup, the model is more diverse and can be adjusted easier to fit other cable
systems. The MV switchgear system is more complicated. How the subsystems and
measurement points are defined have a large effect on the results. The calculation of
parameter values are not as straight forward as for the cable system, due to the many
equipment inside the switchgear enclosure and how the heat transfer does not flow
homogenous inside the system. This makes it more difficult to determine for example ideal
measurement location and how the resistance changes. Finding reasonable parameter values
to use in the thermal model will be a larger part of this thesis work and the parameter values
will not be as flexible for other switchgear system. Most likely the parameter values

14



1 Introduction

calculated here, is only valid for this specific MV switchgear. However, the methods and
approaches can be used for other systems.

1.3 Objective

The objective of this thesis is to develop a simplified thermal model describing the
temperature rise of the tested MV metal enclosed switchgear. The MV switchgear is specially
adjusted for use at USN campus Porsgrunn and the thermal model is developed in Python 3.7.
Temperature rise rests with different applied currents is performed on a real lab model to
determine the needed parameters for the development of the thermal model. This includes
fixed parameters like surface area, and parameters which changes with increasing
temperature like resistance, heat transfer coefficient and time constant.

A further goal is to verify the model and determine possible overload times for different
overload profiles. The verification of the thermal model is shown by simulating the actual
temperature rise of the different cases vs the simulated temperature rise based on the thermal
model. A goal is also to be able to present the possible overload time for different applied
overload currents based on the thermal model.

1.4 Method

First a literature study is performed where the main goal is to gather information, published
reports and papers describing temperature rise tests on a similar test system. Further is to look
into published results of experiments executed with changing current and overload currents.
Then, different temperature rise tests and resistance tests are executed on the real test system
at the high current lab. This is done in parallel with development of the simplified thermal
model. This development includes data collection, creating the mathematical equations and
parameters. The model which simulates the temperature rise, is than implemented in Python
programs. The data from the temperature rise test is exported to Python for comparison with
the simulated result of the thermal model. Based on the simulations, the average error
between the actual temperature rise and the simulated temperature rise is calculated to
analyze the thermal model’s accuracy. Some adjustments is made to increase the accuracy.
Finally, an overview of possible overload times is created based on the thermal model.

1.5 Report structure
The report structure for this report is listed below.

Ch 1: Introduction

Ch 2: Theory

Ch 3: System description and equipment
Ch 4: Resistance test

Ch 5: Steady state temperature rise tests
Ch 6: Thermal model of MV switchgear
Ch 7: Short duration overload test

Ch 8: Data simulation

Ch 9: Discussion

15



Ch 10: Conclusion and future work
References
Appendices
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2 Theory

2 Theory

This chapter includes theory about MV switchgear, heat generation in MV switchgear,
thermal energy balance and heat transfer mechanism. Further it describes the calculations of
the temperature rise tests in MV switchgear and LBS, given temperature limits, and lastly an
introduction to a selection of 3D model simulation software’s for further work in this field.

2.1 MV switchgear design

The main purpose of the switchgear is to protect, control and isolate electrical equipment. It
usually consists of circuit breakers, fuses and switches connected by metal structure inside a
metal enclosure. A common place to find switchgears are in industrial factories and
throughout electric utility distribution and transmission systems. The switchgear’s work
process can vary based on the type of device, but a basic switchgear will act by interrupting
the power flow to protect the equipment inside the enclosure from damage when an electric
fault happens. [9] [10]

Three main switchgear classes are low-voltage switchgear, medium-voltage switchgear and
high-voltage switchgear based on the voltage rating of the system.

e Low-voltage switchgear controls up to 1kV power.
e Medium-voltage switchgears controls between 1kV and 75kV power
e High-voltage switchgear controls power of 75kV or higher

The isolating media used to protect the energized switchgear from electrical fault is also used
to classify the switchgear. Some examples of isolating media are air, gas, oil, fluid and solid.
Some medium-voltage switchgears on the market today are gas-insulated switchgear, Air
insulated switchgear, metal-clad switchgear, Pad-mounted switchgear, Vault or subsurface
switchgear and Arc resistance switchgear. The gas-insulated switchgear (GI1S) is sealed and
filled with SF6 gas or more environmentally friendly gases like some fluorinated gas
mixtures. [11] [12] The air insulated switchgear is not hermetically sealed as the GIS, but
uses ventilation for dissipating heat. [13] [14] Figure 2.1 shows an example of metal clad, air
insulated switchgear. [15] Figure 2.2 shows a MV gas-insulated switchgear. [16]
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Figure 2.1: Metal clad switchgear. [15] Figure 2.2: MV gas-insulated switchgear. [16]
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2 Theory
2.2 Heat generation in MV switchgear

Heat generation in electrical equipment is mainly from the ohmic losses (often called copper
losses) in the current path. The ohmic losses can be explained by the phenomena called Joule/
resistive heating. When the electrons of an electric current flows through an ironic lattice, the
electrons collide with the lattice’s ions. In each collision, some of the current’s energy is
absorbed by the lattice and converted into heat, which dissipates. Another possible source of
heat generation is from iron losses. Iron loss appears due to the effect of eddy current losses
and hysteresis losses when a magnetic field changes directional orientation in a ferromagnetic
structure. The iron losses depend on the properties of the material (like magnetization) and
the frequency of the current, and are more present in magnetic elements like iron. In this
thesis, it is assumed only the ohmic losses are present. [17] [18] [19]

The main problem with heat generation, is the possibility that the device or equipment can’t
withstand the temperature. If the temperature increases over the equipment temperature limit,
the equipment is in risk of malfunction, degradation of quality or failing entirely.

During normal operation of the MV switchgear, current is applied to the system. Due to
ohmic losses in the equipment of the switchgear, like the conductors and contacts, a
temperature rise is present. The main heat source is the power loss P caused by the mentioned
ohmic resistance R when current | flows. The relationship is shown in Equation (2.1). [17]

P =RI? (2.1)

Here | is the applied current and R is the total resistance of the current path. Based on Ohm’s
law it can be observed that the current value has an impact on the resulting power. Since the
main heat source is the power loss P, the chosen applied current will be the largest factor
defining the amount of generated heat. The resistance will also contribute. The total
resistance R is the sum of the bulk resistance and the contact resistance. As shown in
Equation (2.2) for a conductor. [17]

R = Rpyik + Reont (2-2)

The bulk resistance of the conductor Rouk depends on the temperature, so it changes with
increasing or decreasing temperature. The equation for Rpuik is shown in Equation (2.3). [20]

l
Rpuie = p *—— (1 + adT) (2.3)
ACS
Where p is specific resistance, Acs IS the cross-sectional area of the conductor, | is the length,
a is the temperature coefficient and AT is the temperature difference. In a conductor, the
effective area Acs might be reduced by proximity and skin effect.

The value of the contact resistance Rcont depends on the surface between the contacts. The
surface might not be uniform and instead have a rough surface, resulting in only direct
contact in some spots (called a-spots). The contact resistance depends also on the connection
force. A larger connection force result in a larger connection area and a higher temperature,
which lead to a higher resistance. The value of the contact resistance is not calculated, but
instead measured or estimated. [17]
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2 Theory
2.2.1 Resistance increases due to temperature rise

The resistance depends on the conductor geometry and temperature. When electrons flow
through a conductor (current flow is present), the electrons are hindered by moving/bouncing
atoms and molecules within the conduct. With higher temperature, the atoms and molecules
moves/bounces more within the object which makes it harder for the electrons to flow
through without hitting any atom/ molecule. Resistance describes the difficulty for current to
flow through the object. This means that with a higher temperature, it gets harder for the
current to flow through the object, which is described by a higher resistance.

Heat is generated and the temperature increases when an electrical system is under operation,
which increases the resistance of the system. The resistance of an electrical conductor is
affected by this temperature difference as shown in Equation (2.4).

Ryarm = Reota(1 + a(Tywarm — Teota)) (2-4)

Where Rwarm is the resistance of the warm conductor, Rcoiq is the resistance of the cold
conductor, a is the temperature coefficient, Twarm IS the warm temperature and Tcoiq iS the cold
temperature. [17]

2.2.2 Skin effect

The skin effect changes the distribution of the current flow through a conductor. This
happens because of changing magnetic fields (from eddy currents) when AC current flows
through a conductor. When DC current flows, the current flows evenly distributed through
the conductor. This is not the case for AC current. Most of the current flows near the
conductor surface (or skin) and less in the center as shown in Figure 2.3.

Skin
depth

Conductor with AC current Conductor with DC current

Figure 2.3: Current distribution through conductor with AC and DC current showing the skin effect.

The skin effect results in a smaller effective cross section area since mostly the outer part has
current flowing through. Since the skin effect is caused by changing magnetic fields, the
effect depends on the frequency of the current. For lower frequencies, the skin effect is
higher. The properties (specific resistance and magnetic permeability) of the conductor
materials will affect the size of the skin depth. [17]

From the former master’s thesis [8] the contribution of the skin effect in LBS are considered
when power is applied to the tested system (conductors in MV Switchgear). Based on the
result from this thesis, the skin effect and also the proximity effect in MV switchgear system
can be neglected [8] [21].
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2.2.3 Proximity effect

When more than one conductor is present, the current flowing through the conductors can
affect each other. First, for one conductor the skin effect can happen when AC current flows
due to the changing magnetic field. Meaning the current flow mainly in the skin of the
conductor. With for instance two conductors next to each other the current distribution in the
conductors might again be influenced based on the layout. The magnetic field surrounding
the conductors will induce eddy currents in the other conductor. This changes the distribution
of the current flow. If the current in the two conductors flows in the same direction, most of
the current will flow at the side of the conductors farthest away from each other. If the current
in the two conductors flow in opposite directions, most of the current will flow at the side of
the conductor which faces each other. Figure 2.4 shows the proximity effect when the AC
current flows in the same and opposite direction.

DE )

Current flowing in Current flowing in
opposite direction the same direction

Figure 2.4: Proximity effect for current flowing in opposite and same direction.

Some challenges with the proximity effect are the reduced cross-section area leading to
increased resistance and higher power loss. The effect also leads to increased frequency. The
strength of the proximity effect depends on the distance between the parallel conductors,
which become stronger the smaller the distance is. [17]

2.2.4 Contact type

An electrical contact is a device that creates an electrical connection between two members or
surfaces. The contacts can be used to either ensure or interrupt a current flow, and the contact
is open when the members are not connected. Anode is the member where the positive
current enter, and cathode is the member where the current exits. Some of the challenges with
contacts are changes in contact resistance, temperature, load, deformation and degradation.

Two of the main categories electrical contacts can be divided into are stationary and moving
contacts. Stationary contacts have their members or connection surfaces permanently
connected, while moving contacts have one or more moving member. Figure 2.5 shows an
overview of the contact types. [20] [22]
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Electrical contacts

Moving contacts Stationary contacts
Bolted Non- Commutating Rotating
Screwed separable Sliding

Figure 2.5: Overview of electrical contact categories.
Stationary contacts:

The stationary contacts can again be divided into bolted (or screwed) contacts and non-
separable contacts (also called all-metal contacts). The bolted or screwed contacts have the
conductors permanently connected by bolts, screws or clamps. This makes it possible to
remove the bolt or screws when needed, without any damage to the contact. The bolted
contacts, which uses clamps, have an interface (like a clamp plate, plastic) between the
contact surfaces. This makes the clamped contacts functionality dependent on the contact
pressure and resistance to plastic deformation. The non-separable contacts connect the
members permanently together as well. These contacts are often within one contact member,
have a high mechanical strength, direct contact and low transition resistance. [20] [22]

Moving contacts:

Moving contacts have one or more moving member and are divided into commutating
contacts or sliding and rotating contacts. Commutating contacts are divided into separable
and breaking. The separable contacts are different plug connectors, while breaking contacts
are used for opening and closing an electric circuit. For sliding or rotating contacts, the
connecting surfaces of the conductors slides over each other. This happens without the
contact surfaces separating. Sliding and rotating contacts are often found in switches and
circuit breakers. [20] [22]

2.2.5 a-spots and contact resistance

The surfaces where the contact parts of an electrical contact connect are not entirely even or
flat. Instead, the connecting surfaces are more ruff with only small areas of actual metal to
metal connection between the connecting surfaces. These areas are called a-spots as shown in
Figure 2.6. The transferring current flows through the a-spots, which is the only conducting
part. This decreases the active contact area, the passage for the current and the contact
resistance. [20] [22]
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Figure 2.6: a-spot.

Construction resistance Rs is the electrical resistance of the contact, based on the restrictive
current flow through the a-spots. For one a-spot the construction resistance is shown in
Equation (2.5). [20]

P1— P2

R, = .

Where p,; and p, are the metals resistivity and a is the a-spots radius.

Film resistance is the resistance due to the metals surface not being clean. Instead, a thin layer
of inorganic film (like oxide or sulphide) is located on the metals surface affecting the
contacts resistance. This results in only part of the surface area connecting with its metallic
surface, leading to a smaller effective surface area and increases the contact resistance.

The total contact resistance of a joint is the contact resistances added together with the
resistance of the film, which usually only has a small contribution. Due to factors like
changes in real contact area, pressure and resistive film, the contact resistance may vary or
change. [20] [22]

When performing measurements on contact resistance, it will often be a deviation from the
actual value due to not knowing where all the a-spots are located. The resistance at the a-
spots is called constriction resistance. Even if all a-spots are known, it will still be a small
distance between the measuring probes and the spots. The constriction resistance can be
calculated or measured. If the measured construction resistance is higher than the calculated
resistance, it often implies that the surface area is covered in film (which adds the additional
resistance). Usually, the measurement of a contact is placed over the total surface area and
includes more than only the a-spots. This effects the measured resistance and lower the
accuracy. [22]

The contact resistance is also affected by temperature. The inflowing current heats up the
contacts. The highest temperature is located at the contact surface, if the contact members
consist of the same material. The temperature lowers, the longer away it gets from this area.
The constriction resistance increases with a factor a little less than (1+ab) where a is the
temperature coefficient of the resistivity and b is the temperature at the hottest point in the
contact surface (above the bulk of the surface members). The factor would be exactly (1+ab)
if the temperature was uniformly distributed. The resistance of the constriction has a factor
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given as (1+2/3ab) where b is the max temperature. The same problems occur when
determining these resistances as mentioned in the previous section. [22]

The voltage is of importance when determining the resistance and for security reason. It can
be used to determine the melting point and boiling point of the contact to avoid any
deformation, damage or risks. The melting point is the temperature at which the contact or
metal in contact starts to “melt”. Which in real life means deform due to the high
temperature. This can happen when the applied power (or current) is increased. This can lead
to a higher contact area and usually a small voltage drop. The deformation of the contact can
also affect the contact’s functionality. If the temperature gets higher than the melting point,
the boiling point can be reached, usually at 0.8V for copper. A danger with reaching this high
of a temperature can for example be explained by an open/ close contact. If the boiling point
is reached as the contacts opens, an arc might be ignited (with an arc voltage between 10-
15V) and the boiling can appear like an explosion. [22]

Another important factor which can have an effect is the torque. If connections or terminals
are screwed together with wrong torque, it can lead to a run-away effect and electrical fires,
contactor failures or phase loss which can for example cause motor damage. Electrical fire is
a possible result of loose connections. The loose connection between the surfaces can lead to
a run-away effect where the temperature keeps increasing and can end up resulting in an
electric fire. In the case of an improper torque on for example only one of three phases, it can
lead to the contactor burning up and resulting in a phase imbalance. This can lead too loss off
one phase, resulting in only two phases working at a higher current than designed for. This
can cause temperature damages or failure (reaching example melting point). Phase loss can
also damage connection devices like the motor, if not proper protection is installed or the
problem is not solved in time (immediately) [23].

2.3 Thermodynamics

The mathematics of the general thermal energy balance is presented first in this subchapter.
The method for finding the final temperature in a temperature rise test of an MV switchgear
based on the thermal energy balance is than presented. Then the heat transfer mechanism in
the MV switchgear (conduction, convection and radiation) is described, the temperature
limits of the MV switchgear and the method for finding the final temperature of the LBS in a
temperature rise test. The last part describes different possible simulation software’s that can
be used for temperature simulations. [18] [24] [25]

2.3.1 Thermal energy balance

The thermal energy balance is part of the thermal analysis where one of the main goals are to
determine how long a system can be loaded and still be within the equipment temperature
limits. In the switchgear system the thermal energy balance describes the heat or energy
dissipation during the runtime.

During the runtime when current is applied to the system, the power is either stored in the
materials or lost as heat to the surroundings. In the power loss balance, the input power (Pin)
to the system is equal a combination of the stored power (Pstored) in the materials/ equipment
and the dissipated power (Pdissipated). The relationship is shown in Equation (2.6). [25]
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Pin = Pstorea + Pdissipated (2.6)

The constant power input can be described as shown in Equation (2.7). [17]
l
P, =RI? = p—1? (2.7)
ACS

Where R is resistance, I is current, p is resistivity, 1 is length and As is the area of the cross-
section. Equation (2.8) shows the power stored in the system. [25]

d
Pstorea = C)/VaAT (2.8)

Here c is the specific heat capacity and describes the materials ability to store heat, v is
density, V is volume and %AT describes the change of temperature per time. The simplified

dissipated heat or energy to the environment/ surroundings per second is shown in Equation
(2.9). [25]

Pdissipated = hAsurfAT (29)

h is the heat transfer coefficient and Asur is the area surface. Based on Equation (2.6), (2.7),
(2.8) and (2.9). the power balance can be written as shown in Equation (2.10). [25]

l d
pA—I2 = cyV%AT + hAgyr AT (2.10)
CcS

Thermal time constant:

The temperature rise can be calculated based on the energy (power) balance by solving the
differential Equation (2.10), which result in Equation (2.11). [25]

AT (t) = AT, (1 — e~ /") (2.11)

Where ATe is the temperature change between initial and final/ steady state temperature and t
is the thermal time constant. The time constant is the time it takes the system to reach 63.2%
of the final, steady state temperature and are a feature of the lumped system analysis for
thermal systems [26]. It can be used as an indication for how long the system can be
overloaded (short term) without overheating it. For heavier (larger mass) systems, the time
constant is longer/ higher. This means that the system can be overloaded for a longer time
period, than for lower mass systems. A system with very low mass is not recommended to be
overloaded. Equation (2.12) defines the time constant. [25]

M cyV
hAsurf hAsurf

. (2.12)

Where M is mass, c is heat capacities, v is density, h is the heat transfer coefficient and Asurt
is the surface area. In the equation, cyV describes the thermal storage capacity and hAsust
describes the thermal dissipation capacity. The mass, density, volume and surface area are
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usually fixed values. In for example a temperature rise, the parameters ¢ and h are
temperature dependent, which also makes T temperature dependent.

If the time constant is positive, it indicates that the device is warmer than the ambient
temperature. A higher heat capacity c leads to slower temperature changes, which leads to a
longer (higher value) time constant. The heat capacity c is dependent on temperature change,
where a higher temperature result in a lower c. The heat transfer coefficient h is dependent on
the power input, the temperature deviation and the surface area. It changes with changing
values for the input power and temperature deviation, assuming a fixed surface area. If the
temperature increases, the heat transfer coefficient decreases. If the power input increases, the
heat transfer coefficient increases. This connection is based on the heat transfer coefficient
equation described in Equation (2.13). For the time constant, this result in the connection that
increasing temperature gives a lower heat transfer coefficient which lower the time constant.
[25]

Heat transfer coefficient:

The heat transfer coefficient h (by convection) of an enclosed switchgear without ventilation
can be calculated by use of Equation (2.9) for temperature rise inside the enclosure. The
rewriting will give Equation (2.13). [25]

P

h=———
AT * Agrs

(2.13)

P is power dissipation in the enclosure, AT is the average temperature rise inside the
enclosure and A is the surface area of the heat dissipation surface. This equation assumes a
linear heat transfer process where radiation is neglected. Since the radiation is highly
temperature dependent, it will most typically be a part of cooling the switchgear down. [27]

2.3.2 Thermal energy balance for finding final temperature in MV switchgear

The thermal energy balance can be used to determine the temperature rise in an MV
switchgear. The change of temperature can be described by the dynamic state, the transition
state and the stationary state. This procedure is used when determining the final temperatures
of the system and not the temperature change every time step.

The dynamic state is the first state right after the current is applied and the system starts to
heat up. In this initial state, the system has adiabatic conditions meaning all of the heat is
stored in the system. The relationship is shown in Equation (2.14). [25]

Pin = Pstorea (2-14)

A complication is the possibility of an asymmetric short circuit current which can generate
more heat than a symmetric short circuit current if the clearing time is short and the damping
factor is small. In the simplified model, this possibility is excluded, and constant rms-value of
fault current is assumed instead. In the transition from adiabatic conditions to stationary
conditions, the power balance can be described as shown in Equation (2.15). [25]

Py = Pstorea + Pdissipated (2.15)
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The stationary phase starts when the temperatures are considered stable, and all the heat
dissipates to the surroundings. The system is defined stable according to IEC in Equation
(2.16) when:

d

EAT < 1K /hour (2.16)
Equation (2.17) shows the relationship for the stationary phase where all the heat goes to the
surroundings. [25]

Pin = Paissipatea (2.17)

2.3.3 Heat transfer mechanisms in metal enclosed switchgear

During normal operations, a temperature increase on the current path inside the switchgear
occurs due to ohmic losses (joule heating). The temperature difference between the hotter
current path and the surroundings creates the heat transfer. The heat transfer mechanisms
present are convection, radiation and conduction. [19] [24] [28]

Conduction:

Conduction is energy transfer caused by motion and interaction of molecules or atoms in an
object. For the switchgear system, the conduction even out the temperature on the current
path by transferring the heat from the hot spots to colder parts. For example, from contact to
busbar. Conduction is also present in the heat transfer across the enclosure walls, unless the
switchgear is hermetically sealed. The conductivity varies by temperature change if the
material is gas or liquid. In solids, varied temperatures do not change the conductivity
notable. Power transferred by 1 dimensional conduction is given in Equation (2.18). [24]

A
Peona = TACSAT (2-18)

Here X is thermal conductivity, | is length, Acs is cross-sectional area and AT is temperature
difference. Figure 2.7 shows a model of conduction on a switch where the warmest point (hot
spot) is the upper part of the contact. The heat will flow from this hotspot toward the busbar
and lower part of the contact. This will distribute the heat from the hot spot within the
physical devices which result in more heat along the current path. [24]

Hot spot

O

e Conduction

Figure 2.7: Model of conduction from a hot spot (contact) in a current path.
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Convection:

Convection is energy transfer of heat from a warm area to a colder area inside an object or
between them. In the case with a switchgear, convection is the heat transfer from the warmer
current path to the gas inside the enclosure as shown in Figure 2.8. The heat is transferred to
inner walls from convective movements of the gas caused by Buoyancy. Equation (2.19)
shows the power transferred by convection Pconv. [24]

Peonw = hAsurf (Tsurf —To) (2-19)

Where Asurt IS the surface area, Tsurf IS temperature at the surface and To is the temperature of
the surrounding medium. h is the heat transfer coefficient which depend on the type of fluid
and the fluid velocity. In the switchgear the velocity is caused by natural/free convection and
are usually between 5-10W/m?K, but varies for different areas inside the switchgear. The
convective heat transfer coefficient can be calculated as shown in Equation (2.20) [24].

_ NuxA (2.20)

h’COTl‘U - l

Nu is Nusselt number which is given in Equation (2.21), A is the thermal conductivity of the
medium and I is the length. [24]

Nu = 0.53(Gr * Pr)%25 (2.21)

Gr is Grashof number and Pr is Prantl number. The formula for Granhofs number is shown in
Equation (2.22) below. [24]

_ QZBﬁ(Twarm — Tair)
r = T]Z
Here g is gravity, | ins length, B is the thermal expansion coefficient, Twam is the temperature

of the hot surface area, Tair is the air temperature and 1 is the kinematic viscosity (of air) at
325K. Equation (2.23) gives Prantl number Pr. [24]

_ ke
A

Where p is dynamic viscosity, € is specific heat coefficient and A is thermal conductivity.

tAmbient temp
tlntemal gas

]

Switchgear enclosure with simplified drawing representing the current path
- Convection

(2.22)

Pr (2.23)

Figure 2.8: Representation of convection in the simplified switchgear enclosure model.
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Radiation:

Radiation is energy transfer from absorption and emission of electromagnetic waves and do
not need a medium for the transfer, meaning radiation can occur in vacuum. In the switchgear
system, the energy is transferred by radiation to the inner walls from devices inside the
enclosure with a higher temperature (overtemperature) as shown in Figure 2.9. Power
transferred by radiation is given in Equation (2.24). [24]

Prog = go-sAsurf (T;rad - T(;L,rad) (2-24)

Here ¢ is emissivity of the surface area, os is the Stefan-Boltzman which is 5.67

1078W /m2K*, Asur is the surface area where the radiation emits from with temperature Ts
and To is the temperature at the larger, colder surface around where the radiation emits to.
[23] The emissivity might change by time and depends on factors like oxidation. The
emissivity is 1 for a black body, around 0.05-0.0025 for aluminum, 0.02 for polished copper
and 0.065 for oxidized copper. The view factor is not included in Equation (2.24). The view
factor is how the hot body views the surrounding and is usually between 0.7 and 0.9 in a MV
switchgear. Adding the view factor to Equation (2.24) gives Equation (2.25). [24] [29] [30]
[31]

Prog = gfviewGsAsurf (Ts‘%rad - T(;L,rad) (2.25)

% Room walls

Switchgear enclosure with simplified drawing representing the current path
- Radiation

Figure 2.9: Representation of radiation in the simplified switchgear enclosure model.
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Figure 2.10 shows a representation of the heat transfer inside and outside a sealed enclosed

switchgear.
Room walls
tAmbiem air

Internal gas

1

Hot spot

I - Conduction

Switchgear enclosure with simplified drawing representing the current path -
- Radiation

t - Convection

Figure 2.10: Representation of conduction, convection and radiation in the simplified switchgear model.

If parts of the current path are covered:

The transmission and distribution of convection, conduction and radiation will vary if parts of
the current path are covered. The covering can be insulation around a switch, something
covering parts of the busbar etc. This can prevent or reduce radiation and convection transfer
from warmer spots, which can lead to a larger conduction from compensation. Figure 2.11
shows the model with and without covering around a switch. Covering can also change the
measurement of the surface area of an equipment. [19]

Mo Insulation, Bare LBS. lation covering

Insulation coveri
parts of the LBS.

Figure 2.11: LBS model without and with insulation lever for visualization.

2.4 Temperature limits

To not damage the equipment from overheating, temperature limits are developed according
to IEC standard. The temperature limits depend on the surrounding gas, the conduction
material and the type of contact present.

Degradation is one of the possible damages from temperature. The degradation is faster with
higher temperatures. Oxidation is one of the degradation mechanisms where the metal surface
is exposed to oxygen and an electrolyte (example moisture from the air). The reaction can
lead to corrosion on the metal surface, which is unwanted and can lead to malfunction. [32]
The temperature limit will therefore depend on the surrounding gas and the devices material.
The temperature limit for the contacts is also based on the type of contact. For example,
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bolted contacts withstand often a higher pressure than spring loaded contacts (like open/close
contacts). For the contacts, the temperature limits are also created based on a possible run-
away effect. The contacts often end up being the warmest point in the current path. In the
case of degradation, the contact resistance might increase, which makes the contacts warmer
and again increases the resistance in a run-away effect.

The relevant temperature limits for HV and MV switchgear are shown in Figure 2.12 based
on IEC standard. The first column with “Temperature” shows the maximum temperature for
the contact or connection. The second column with “The temperature rise at ambient
temperature of 40°C” describes the maximum temperature rise or temperature deviation the
contact or connection can have. The limits are developed based on an ambient room
temperature not exceeding 40°C. [3]

Nature of the part, of the material and of the dielectric Maximum value
(Refer to points 1, 2 and 3 in 7.5.6.2) (Refar to NOTE 1}
Temperature Temperature rise at
ambient air temperature
not exceeding 40 °C
(NOTE 2)
°C K
1 Contacts (refer to point 4)
Bare-copper or bare-capper alloy
= in OG (refer to point 5) 75 a5
— in NOG (refer to point 5) 115 75
- inoil 80 40
Silver-coated or nickel-coated (refer to paint 6)
- in OG (refer to point 5) 115 75
— in NOG (refer to point §) 115 75
- in oil 90 50
Tin-coated {refer to point 6)
— in OG (refer to point 5) a0 50
— in NOG (refer to point 5) 11} 50
- inoil a0 50
2 Connection, bolted or the equivalent (refer to paint 4)
Bare-copper, bare-copper alloy or bare-aluminium alloy
- in OG (refer to point 5) 100 60
— in NOG (refer to point §) 115 75
- in oil 100 60
Silver-coated or nickel-coated (refer to point 6)
— in OG (refer to point 5) 115 75
= in NOG (refer to point 5) 115 75
= in ail 100 60
Tin-coated
- in OG (refer to point 5) 105 65
— In NOG (refer to point §) 108 65
= in oil 100 60

Figure 2.12: IEC 62271-1 (2017): HV and MV switchgear temperature limits selection. [3]

OG stands for oxidating gas, NOG is non-oxidating gas. Further in this report the materials
for copper, silver and nickel will be expressed by their elements name Cu, Ag and Ni.
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2.5 Final temperature of the LBS in a temperature rise test

For the purpose of estimating how long the system can be overloaded without reaching the
temperature limits of any of the equipment inside the switchgear, the most critical equipment
from temperature rise is the main focus, instead of the entire switchgear. For the switchgear,
the LBS has most often the highest/ fastest temperature rise (compared to its limit) and
reaches its temperature limits first. Therefore, the temperature rise of the LBS can often be
used for estimation of the highest temperatures. The temperature distribution of the LBS is
not uniform and consists of the rotating contact, the open/close contact, and the connection
points.

First the temperature rise of the air ATsjr inside the switchgear can be estimated by using the
method described in the following chapter. Then the over-temperature of the LBS contacts
AATgs can be estimated and the temperature rise of the open/close contact ATLgs can be
calculated. Equation (2.26) shows the relationship. [33]

ATLBS = ATair + AATLBS (226)

Temperature rise calculations - ATair:

The procedure described in [33] can be used to determine the temperature rise of the air
inside switchgear without forced ventilation. The method is based on calculating the
temperature rise of the air in the top part and middle part of the switchgear. Equation (2.27)
shows the temperature at mid heigh. [33] [34]

ATair,mid =kxdx*P* (2.27)

Here k is the enclosure constant, d is the temperature rise factor, P is the power input and X is
given as 0.804 for enclosure without ventilation openings. [34]. The enclosure constant
depends on the effective cooling surface and the temperature rise factor depends on the
number of horizontal partitions inside the enclosure. The temperature rise near the top is
given in Equation (2.28). [33] [34]

ATair,top =cCc* ATair,mid (2.28)

Where c is the temperature distribution factor depending on the heigh/ base factor f. The
enclosure constant k is found by calculating the effective cooling surface area A and from
the plot in Figure 2.13 finding the responding k value. Equation (2.29) shows the effective
cooling surface area. [33] [34]

A = YAsurs *b (2.29)

Here each of the surface areas Asurf Of the enclosure is multiplied together with the b factor.
The b factor corresponds to the different heat transfers for the different surfaces and whether
the surface area is exposed or not. Table 2.1 shows some relevant b factor values. [34]
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Table 2.1: b factors for calculating the effective cooling surface area of a switchgear. [34]

Surface: b
Exposed top surface 1.4
Covered back wall 0.5
Covered side wall 0.5
Exposed front wall 0.9
Bottom 0
1
fia
.é 08 ‘
8 \
0,
e
"":‘ 0.6
05 \\
04
03 \\\
02 AN
P—
0 ]
0
[+] 1 2 3 4 5 6 7 8 9 10 n 12

Effective cooling surface 4, (m?)

IEC 1430/14

Figure 2.13: Enclosure constant k based on the effective cooling surface area A. when A > 1.25m?, IEC
1430/14. [34]

The temperature rise factor d for internal horizontal partitions is decided based on the number
of horizontal partitions in the enclosure. In this switchgear, there is none horizontal partitions
which gives d = 1. The temperature distribution factor ¢ depends on the height/ base factor
fhase @s shown in Equation (2.30). [33] [34]

foase = (2.30)

32



2 Theory

Here H is the height of the enclosure and Awnase IS the surface area of the base of the enclosure.
c is found by using Figure 2.14.

Type of installation of enclosure
curve
1

2

16
’
T ] - 3
— /;‘ ’—1-——\-\4
15 P /'// Lt -
' = — ~5
; L1 /'5/ Lt /./"
i — —
8 "
g %/ ~1 L~ /r
® ol
é /7’/‘ ~ Symbol Type of installation of enclosure Curve
3 13 ~ "/’ ] [ -=s Il sid 17
! = Separate encl detached on all sides
: g Z7ds . i
E > < [ = Separate enclosure for wall-mounting 3
= i v [ [ = First or last enclosure, detached type 2
-
1 /// ™1 ™ = First or last enclosure, wall-mounting type 4 )
] 1 = Centrai enclosure, detached type 3
1" T3 - Central enclosure, wall-mounting type 5
W = Central enclosure for wall-mounting and 4 A
with covered top surface
1 B i i e e g
0 1 2 3 4 5 8 7 8 9 10 n 12 13
[ —— IEC 1431/14

Figure 2.14: Temperature distribution factor ¢ for enclosures without ventilation and effective cooling surface
Ae > 1.25m?, IEC 1431/14. [34]

Over-temperature of LBS by heat transfer coefficients - AATLss:
Equation (2.31) can be used to determine the over-temperature of the LBS.

Prps
AMT pe = ————— 2.31
LBS hior * Apps (2:31)

The power input to the LBS Pigs can be estimated by the same method as for the entire
switchgear, but only including the contacts, connections and conductors related to the LBS.
htot is the heat transfer coefficient, Avgs is the heat emitting surface area of the LBS and are
the area/dimension of the conductor and the geometry of the switch. [33] [34]

The heat transfer from the current path to the surrounding can be influenced by the degree
and type of covering that may be on the LBS for proper function of the switch. This may lead
to lower/ restricted heat transfer by radiation and convection, and an increased surface area
with a possible higher emissivity as described in section 2.3.2. The heat transfer coefficient
can be rewritten as shown in Equation (2.32). [33] [34]

hior = fcorr * htot,bare (2-32)

Here feorr IS the correction factor and needs to be estimated from experimental studies. The
feorr used in this thesis is based on the study in [33] and set to 0.9-1.1. From the same study
the heat transfer coefficient hiot was estimated to be around 17 W/m?K for bare conductors
with emissivity between 0.2-0.3 and 23 W/m?2K when the emissivity was around 1. The
coefficient depends on the heat sources orientation and the physical dimensions and will
therefore vary based on design.
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2.6 Simulation software

Several software programs are available on the market for temperature simulations where the
user can create a 3D model of the system and explore how the system works in different
scenarios and situations. A model like that can be used for steady state temperature
simulations, calculations and predictions. Some examples are Comsol Multiphysics,
SIMSCALE, Ansys Fluent and TMN.

Comsol Multiphysics is a simulation software for creating realistic Multiphysics and single-
physic 3D models and have the functionality to simulate different real world scenarios and
phenomena. Numerical methods like finite difference method (FDM), finite element method
(FEM) and boundary element method (BEM) can be used in the simulations. Comsol
Multiphysics can be combined directly with third-party software like CAD, MATLAB and
SOLIDWORKS. [35] The paper [36] is one example where the software is used. For this
paper the main goal was to use the software to estimate the current and temperature rise
needed to create displacement in the micro beam. Figure 2.15 shows an example from the
paper where 0.3V is applied and the total displacement and temperature distribution in
aluminum is presented.

A234 K

Yo V323
(a) Total displacement (b) Total temperature distribution

Figure 2.15: 3D model simulation of displacement and temperature in Comsol Multiphysics from. [36]

SIMSCALE is a heat transfer simulation software for testing and validating 3D designs based
on the heat transfer mechanisms convection, conduction and radiation. It’s an online product
mainly used for optimalization designs by use of CFD (computational Fluid Dynamics) and
FEA (Finite Element Analysis). [37]

Ansys Fluent is a software tools for designing and explore engineering systems by 3D
designs. The Software focuses on optimalization of product designs, workflows and
exploration in detail of real-world performances. [38] In the paper [21], the software is used
for CFD-simulations to identify the temperature areas with low heat transfer in the
switchgear. The switchgear simulation domain, the simulated temperature field and the
simulated velocity field developed and presented in this paper by use of Ansys Fluent
software is shown in Figure 2.16.
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Figure 6: Simulated temperature field [K] inside the e
compartment. Image shown is a cut-plane in the center of the Figure 7: Simulated velocity field [m/s] inside the compartment.
Figure 5: Switchgear simulation domain. compartment where the structure in the top part is the busbar. Image shown is a cut-plane in the center of the compartment.

Figure 2.16: Simulated temperature and velocity field from in Ansys Fluent software. [38]

Thermal network model (TNM) is used for calculating the temperature change in systems
and devices. It is based on developing a mathematic formula or equation to describe the
change of temperature in the system or device. One example is from the paper [39] where
TNM is used to describe the system by network elements and calculates the temperature rise
inside the switchgear. The simulations are than compared to measurements on the real
system. Figure 2.17 shows the structure of the thermal network in this paper when TNM was
used (left) and the thermal network of the (3 phase current) busbar with two sub conductors
(right).
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Figure 2.17: Thermal network model of busbar from [39].

None of these software products are used for this thesis. The reasons are that the goal of this
thesis is to develop a simplified thermal model for the MV switchgear, not a detailed,
advanced model. If that was the case, using one or more of these software products would
have been an advantage. For this master’s thesis, the need for learning how to use the
software and create a 3D model was decided not necessary. Instead, the thermal model and
calculations is implemented in Python 3.7. A version of TNM is probably the closest to what
is used for this thesis. A possibility for future work on this MV switchgear can be to develop
a more detailed thermal model with use of one of the previous mentioned software.
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3 System description and equipment

This chapter describes the test system of the MV metal enclosed switchgear, the dimension of
the enclosure and LBS, description of the temperature sensors (thermocouples), the equipment
list and definition of subsystems.

3.1 MV metal enclosed switchgear

The test device is a MV metal enclosed switchgear RMU (ring main unit) from ABB. The
device is a standard ABB MV metal enclosed switchgear with some adjustments for
laboratory work at USN campus Porsgrunn. It has a removable back board and is filled with
air instead of SFe gas, which it is designed for. The nominal current is 630A and voltage is
12/24kV. The switchgear has an upper and lower department as shown in Figure 3.1 and
Figure 3.2. The upper department consists of the actual switchgear enclosure with the
incoming cables, the current path, LBS etc. The lower department for this switchgear is
empty, with no devices or equipment present. The actual functional switchgear consists
therefore only in the upper part. Figure 3.1 shows the backside when the cover is on, which
hides the current path. Figure 3.2 shows a model the switchgear from the back side created in
MS PowerPoint.

\\\\\\

LBS I.B$

N

Figure 3.1:Backside of switchgear with cover on. Figure 3.2: Model of the backside of switchgear without cover.

The switchgear is a 4-way unit and has three cable modules C1, C2, C3 and one vacuum
switch breaker V4. C1 and V4 will not be used in this thesis work. The main current path is
from C2 to C3. Each module consists of 3 phases L1, L2 and L3. AC or DC current is applied
to the switchgear by connecting AC or DC cables between the current source and to the
phases on the switchgear. For AC current, the cables are connected to each of the phases on
module C2 as shown in Figure 3.3. When DC current are applied, two DC cables are
connected between the DC source and on two of the phases on C2. Figure 3.3 and Figure 3.4
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shows an image and created model of the switchgear from the front side, with view of the
control panel and cable inputs/connections.
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Figure 3.3: Frontside of switchgear. Figure 3.4: Model of the frontside of the switchgear.

The switchgear is designed with double sidewalls which increases the walls thickness. The
material is aluminum. This can affect the heat transfer out of the enclosure. The frontside has
the control panel where the operators have access to the device, which makes it important to
increase safety by preventing a hot surface. This can be done by increasing the panels
thickness or adding an insulating or protecting material. The functionality of the control panel
itself also adds on the plates thickness.

Inside the switchgear (upper department) the current path is present with the three phases
(L1, L2 and L3). For this thesis work, it is assumed all phases are similar and phase L1 is
used for representation and measurements. The values for phase L2 and L3 will be set equal
to the measured and calculated values on L1. All three paths consist of equal number of equal
devices, which is presented in Figure 3.5. The only difference between the three phases is the
length of the current path between the cable connection and to the first bolted connection.
This leads to the only time the assumption is not used, is when calculating the total surface
area of the current path (L1 + L2 + L3), where the surface area of each phase is measured
individually and added together.

Each of the phases consists of 5 bolted connections, 2 load break switches (LBS) which each
have one rotating contact (Ag/Ag) and an open/close contact (Ag/Ag) and cable connection at
the start and end of the phase. The LBS is of knife blade type. The bolted connections are
bolted busbar connection (Ag/Cu), bolted lower LBS connection (Cu/Ag) and bolted bushing
connection (Cu/Cu). A simple model of one of the current paths is shown in Figure 3.5. The
marking of the LBS shows what is included when doing measurements on the LBS and
where the sensors are located.
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Busbar
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connection connection |
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Figure 3.5: Model representation of one phase of the current path.

For the test device, only ohmic heating of the current path is assumed present. Contribution
from skin effect, proximity effect and induced losses is assumed insignificant as described in
section 2.2.2 and 2.2.3. Other possible heat sources (for example from the sun or panel oven)
is not relevant and therefore neglected. The temperature rise tests are executed in January and
February of 2022 and outside temperature was stable and cold. This resulted in a stable
indoor temperature fluctuating between 18-21°C. The device was not exposed to direct
sunlight. This result in the power loss from ohmic resistance of the current path being the
main heat source.

3.1.1 Switchgear dimensions

Figure 3.6 shows a model of the empty switchgear enclosure.

Height How

Width wew

Figure 3.6: Switchgear dimensions.

The upper part of the enclosure is the location of the actual switchgear with the current path.
The lower department is empty and not included in the definition of this switchgear. Table
3.1 shows the switchgear dimensions based on Figure 3.6 and measurements done on the real
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device. The surface area of the switchgear is included, and the calculation is available in
Appendix B.

Table 3.1: Switchgear dimensions.

Dimension Measurement [m]
Width wsw 0.52
Length Isw 1.28
Height Hew 0.845

The thickness of the different walls (top, bottom, sides, front and back) are not equal. The
front is 23cm thick due to the control panel compared to the 3 mm thick back. The back and
top are covered by one removable plate. The sides are constructed with doble side walls
which increases the thickness of the wall. The dimensions of the walls are shown in Table
3.2.

Table 3.2: Wall thickness of switchgear enclosure.

Dimension Thickness [mm)]
Top/ back plate 3

Side wall 5
Bottom plate 4

Front plate 240

The surface area of the sides, top/ bottom, front/back wall and total area of the switchgear are
calculated and presented in Table 3.3. The measured surface areas are the actual surface
areas. The effective surface area is the calculated effective surface area based in IEC
equations. [34] The calculations are available in Appendix C and part of the method
described in section 2.5.

Table 3.3: Switchgear surface area.

Dimension Measured surface  Effective surface
area [m?] area [m?]

Side wall 0.44 0.22

Top/ bottom plate 0.67 0.93

Front/ back wall 1.08 0.97

Total surface area 4.37 3.8
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3.1.2 Load break switch dimensions

A LBS is used for disconnecting or connecting the current in an electrical circuit. [40] For
this thesis, the definition of how much of the current path is included as the LBS is based on
the definition from the master’s thesis [41] which uses a similar, but not the same LBS. In
this thesis the knife blade LBS includes every part of the switch from the upper to lower
switch Cu-Ag bolted connection as shown in Figure 3.7.

Figure 3.7: Definition of LBS from the master’s thesis. [41]

A simplified 1-dimensional model of one of the LBS in the MV switchgear is shown in
Figure 3.8. The LBS includes the open/close contact (Ag/Ag), the rotating contact (Ag/Ag)
and the upper and lower bolted connections (Cu/Ag). The model is developed in MS
PowerPoint. In the lab experiments this definition defines where the measurements of the
LBS is executed and where the thermocouples for temperature measurements are placed. The
LBS is divided into three parts when determining the dimensions. The middle part with the
open/close contact and the rotating contact, and the upper and lower part including the
connections. The upper and lower parts are similar. The lever for operating the LBS is not
included.

F-]  —-f----—-=====--9
Upper part -E_ . [

[ O Open/ close E
: contact
Middle ' s
part ‘

O Rotating

el 4 contact
Lower part *lL

'
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Figure 3.8: Simplified model of one LBS showing the definition for dimension.

The dimensions of the LBS for the upper and lower part and middle part are shown in Table
3.4. The calculated total surface area for one LBS is included in the last column. The
calculations are available in Appendix B. The overlapping parts of the LBS is not added into
the surface area twice.
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Table 3.4: LBS dimensions.

Dimension Measurement [m]
Width middle part wigsm 0.005
Length middle part lI.gs,m 0.04
Height middle part H.esm 0.13

Width upper and lower part wigs ugl 0.024
Length upper and lower part I gs & 0.027
Height upper and lower part Higsual 0.018
Surface area ALgs surf 0.0152m?

3.2 Sensor

Thermocouples for temperature measurements are the main sensors used for this thesis and
are placed inside and outside the MV switchgear. The thermocouples are of type K, class 1
with a temperature range of -75°C to 250°C and an accuracy of + 1.5°C [42]. Figure 3.9
shows images of both ends of a thermocouple.

a) b)

Figure 3.9: Thermocouple. a) Twisted sensor conductor. b) Thermocouple plug.

The inner green cable is the positive side, where the conductor material is Ni-Cr. The white
inner cable is the negative side, where the conductor material is Ni-Al. The measuring point
of the thermocouple is where the positive and negative conductor material is twisted together.
The measuring point is placed on a specific location on the system for temperature
measurement and hold in place by Al-tape. The sensor measures the temperature at the first
connection point for the two twisted vires of the thermocouple. To get valid measurements it
is important to make sure the point where the twisted vires first meet is in contact with the
surface where the temperature should be measured. If they are not in contact, its most likely
the temperature of the air being measured instead of the surface. The plug end of the
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thermocouple is connected to the logging device via a connection box shown in Figure 3.10.
Inside the plugs, each of the positive and negative conductor materials are screwed
underneath the corresponding screw. [42]

The connection boxes are connected to a data logger which sends the measurement data to a
local computer, which logs the measurement data via the software Agilent BenchLink Data
Logger 3. The data logger is shown in Figure 3.11. When a test is finished, the entire data set
can be converted to excel format and retrieved from the software for further processing or
use. The sensor overview for the laboratory tests is available in Appendix D.

Figure 3.10: Connection box.

3.3 Equipment list

Figure 3.11: Data logger.

Table 3.5 shows the equipment list used for the laboratory tests. All equipment was available
in the high current lab at USN campus Porsgrunn.

Table 3.5: Equipment list.

Type Manufacturer Model
MV Switchgear ABB 3 phase 630A (RMU)
Current injector Hilkar Ak23

DC Power Supply

Data-logger

Multimeter

Delta Elektronika

KEYSIGHT technologies

Grossen Matrawatt

SM1500-series

34972A LXI Data
Acquistion/ Switch unit

METRAHIT 30M
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Connection box for ABB
thermocouples

Thermocouples Type K, class 1

3.4 Subsystem definition

For this thesis, the switchgear system is divided into two subsystems to describe the heat
transfer. This is done to specify the heat transfer of the system in two steps for the
development of the thermal model, which will be used further in the thesis. It is chosen to
describe the system by two subsystems, but it would be possible to have more subsystem if
wanted. Since the goal is to work with the warmest point to analyze and determine the system
based on these limits, it is not necessary to have more than two subsystems for the
development of this simplified thermal model.

The first subsystem is based on finding the most critical point/ device on the current path
based on the temperature limits. Based on previous published paper (like [5] and [21]) and
preformed tests, this device is the LBS on phase L1. Therefore, the first subsystem describes
the heat transfer from the LBS to the surrounding air inside the enclosure.

The second subsystem is based on the heat transfer from the inside of the enclosure and out.
Defining where this heat transfer is located is more difficult and the significance of chosen
location is tested in section 5.3.2. The main challenge is to identify where on the outside of
the enclosure is most ideal to represent the transfer. For the thesis, one of the outside side
walls was chosen.

43



4 Resistance test

4 Resistance test

This chapter describes the purpose and procedure of the resistance test on the MV switchgear.
The results of the executed test, and the resistance changed by temperature increase is
calculated and presented.

4.1 Purpose

One of the important parameter inputs for the thermal model is the power input. Based on
Ohm’s law, the calculated power depends on the applied current and the resistance. The
values of the resistances in the MV switchgear depends on the temperature. To be able to
calculate the resistance change by temperature for different applied currents, a resistance test
is executed. Measurements of the cold resistance and warm resistance at steady state for the
different applied currents are done. This is performed by measuring the voltage drop and
calculating the resistances by Ohm’s law. The voltage drop is measured over phase L1 and
over one of the LBS on phase 1. It is assumed the resistance is similar for all LBS and that
the total resistance of phase L2 and L3 is equal to the total resistance of L1. The warm
resistances will also be calculated at different temperatures by a given theoretically equation
(2.4). The result of the two methods will be compared and analyzed to find a good
representation for resistance change by increasing temperature at the LBS and L1 for this
specific MV switchgear system.

4.2 Procedure

To calculate the cold and warm resistance, the voltage drop over phase L1 and over LBS on
phase L1, module C2 is measured with use of a multimeter. 100A DC is the applied current.
The thermocouples called senor 1 and sensor 2 is used for the LBS measurements. Sensor 1 is
located at the upper bolted connection of the LBS and sensor 2 is located on the lower bolted
connection of the LBS. Sensor 3 and 4 is of each end of phase L1 to measure over the phase.
The setup of one phase is shown in Figure 4.1.

$ Sensorl — LSttt
LBS LBS ‘\ Measurement
© overLBS

Sensor2 ———» -~

® Bolted connection

. Open/close contact

O Rotating contact

| +——— Sensor 3 Sensor4 —> !
.

Measurement
over phase L1

Figure 4.1: Model of one phase, current path with location of measurements.
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It was decided to only measure the voltage drop over one LBS and phase L1. The test is
based on using the decreasing temperature to determine when the measurements are
executed. To make sure the measurements are done at the right temperature, the test and
reconnection must be quick. Including several measurement points is time consuming,
especially if the DC cables should be reconnected. The probability that the temperature would
decrease below the wanted degree for the measurement is high. This would have made the
tested values useless and at best inaccurate. Instead, only the voltage drop over L1 and one
LBS will be measured. The calculated resistance for L1 will be used for phase L2 and L3.

The current path is injected with a stable DC current and the voltage drop is measured over
the wanted location on the current path by use of the 4-wire method. The 4-wire method can
be used in measuring resistances and excludes the problem of including the resistance of the
ohmmeters own test leads. Instead, the voltage drop can be measured over the resistance by a
voltmeter as shown by the setup in Figure 4.2. [17]

Ammeter . )
Resistance wire

Current —— Voltmeter@ Resistance
source <~ —
\-\‘\

Resistance wire

Figure 4.2: 4-wire method.

Voltage drop measurements:

The cold resistance is determined by applying 100A DC to the system and measure the
voltage drop over the LBS and phase L1 when the system is cold (room temp).

For the warm resistance, the method for calculating the resistance is based on the already
known steady state temperature on the LBS given in Table 4.1. (The temperature rise test in
chapter 6 was performed before the resistance tests.) The switchgear is heated up until nearly
max temperature is reached, then the current is turned off and the system cooled down. The
resistance is wanted at steady state for each applied current. By monitoring the temperature at
the LBS, the voltage drop over L1 and LBS can be measured when the temperature at LBS is
equal the values given in Table 4.1. This gives the voltage drop at steady state for each
applied current. Heating the switchgear and executing measurements as the system cools
down saves time and decreases the number of needed cable reconnections.

Table 4.1: Steady state temperature for LBS.

I =400A 1=500A 1=630A 1=700A 1=800A 1=850A

Steady state temperature 48 63 87 103 110 110
at LBS [°C]
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4.3 Test result

Table 4.2 shows the measurement of the voltage drop and calculated resistances. The
resistances R1 is calculated from Ohms law [43] and the resistances R2 is calculated from the
theoretical Equation (2.4) describing the temperature rise in a conductor and is repeated
below.

Ryarm = Reota [1 + a(Tywarm — Tcold)]

Here Rwarm is the resistance at temp Twarm, Reold IS the resistance at reference temperature Tcolq
and a is the temperature coefficient of the resistance for the conductor material. Conductor
cupper hard is the present conductor material and is assumed to be o = 3.92*107 from table
values. [17] The applied current in the resistance test is always 100A DC. The measurements
are shown in Table 4.2 with the calculated resistances. R1 is calculated by Ohms law and R2
is calculated from Equation (2.4).

Table 4.2: Calculated resistance at different steady states.

Temp LBS Applied Voltage Resistance Resistance R2 from
[°C] currentl [A]  drop [mV] R1 [pnQ] eq. (2.4) [pL]
LBS-L1 20 100 DC 2.8 28.1 28.1
Total L1 - 100 DC 22.9 229.2 229.8
LBS-L1 49 100 DC 28.7 28.7 31.4
Total L1 - 100 DC 23.1 231 254.8
LBS - 63 100 DC 2.9 29.2 32.9
L1
Total L1 - 100 DC 23.3 245 267.9
LBS - 87 100 DC 3.1 30.6 35.6
L1
Total L1 - 100 DC 26.5 265 288.9
LBS - 103 100 DC 3.2 32.3 37.3
L1
Total L1 - 100 DC 28.0 280 303.1
LBS-L1 109.4 100 DC 3.3 33.0 38.1
Total L1 - 100 DC 28.6 286 308.2
LBS-L1 109.9 100 DC 3.4 33.7 38.1
Total L1 - 100 DC 28.7 287 308.6
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Based on the calculated values in Table 4.2, a trendline for the resistance increase based on
increasing temperature is developed in MS Excel. The trendlines are achieved by using the

trendline functio
fitted best and ar

n in Excel and visualizing the equation. Based on the data, a linear trendline
e therefore chosen to represent the resistance increase. Figure 4.3 and Figure

4.4 show the plotted resistance trendline for the LBS and L1 phase. R1 (blue) is the calculated
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on Ohms law and R2 (green) is the calculated resistance from Equation (2.4).
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0 10 20 30 40 50 60 70 80 90 100
Temperature rise [C]
Figure 4.3: Resistance at different temperatures with trendlines for LBS.
R is based on Ohms law and R, on Equation (2.4).
Resistance - L1
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Figure 4.4: Resistance at different temperatures with trendlines for phase L1.

R; is based on Ohms law and R, on Equation (2.4).
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Possible sources of error for the voltage drop measurements:

Some challenges and possible sources for error occurred during the resistance lab when the
voltage drop over the LBS and L1 was measured. Since the resistance test was executed on a
different day than the temperature rise tests, factors like room temperature can have been
slightly different. Resulting in an inaccuracy for when (at which temperature) the voltage
drop measurements should have been performed. The test depended on using the decreasing
temperature to determine when the measurements was to be taken. It takes some time to
observe the temperature, perform the measurements and noting the result. This can result in
the voltage drop being measured at a lower or higher temperature than intended. Especially at
the higher temperatures when the temperature drop was faster. An attempt to avoid this was
to start the measurement process a few degrees higher than the temperature at the different
steady states. For measurement over the LBS, thermocouples were mounted and used since
it's not possible to measure inside the enclosure without opening it up. Resulting in the same
amount of bulk included in every measurement. This was not the situation over phase L1,
where the measuring probes was placed directly on the metal for every measurement. This
can lead to a small variation of included bulk. Other more general possible sources of error
like reading of the multimeter wrong is possible, but unlikely.

Comparison and discussion of resistance results:

The trendline for Ry(blue) on the LBS has a few deviations from the calculated Ry resistance
points (Table 4.2). This can be due to one of possible sources of error for the measuring of
the voltage drop during this experiment, which is described above or that the temperature rise
is not exactly linear. The trendline for R2 (green) fits the calculated R> resistance points
(Table 4.2) without any deviation. For phase L1, the result is similar. The calculated
resistance points R> fits the trendline well, indicating a linear resistance increase by
temperature change. The resistance points Ry for L1 have some deviation from its trendline,
but the deviation is smaller compared to R1 for the LBS.

The resistance at LBS and L1 have both a higher temperature increase when using the
theoretically equation for resistance of a conductor (R2), than using the measured voltage
drop to calculate the resistance. Since R; is based on Equation (2.4), the result would
naturally follow the same trend with a similar increase. This makes it more likely to have the
calculated resistance points more accurate to the trendline, compared to the measured values
at R1. In the calculations, the same Rcoiq Value is used for both resistance calculation methods
and the value for a is based on a 20°C room temperature, which is similar to the actual room
temperature. The measurements on the real system have in contrast a higher probability of
inaccuracy based on the already mentioned possible sources of error. A possible reason for R1
to be lower than R> is the inclusion of more bulk from several contacts, which result in a
larger contact area and lower measured resistances compared to the theoretically calculated
resistance from Equation (2.4). The amount of included bulk can be a reason the theoretically
calculated resistances do not match the measured ones.
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4.4 Adjustment of resistance equation for the thermal model

For the resistance change based on increasing temperature in the thermal model, a possible
solution is to base the change on Equation (2.4) and fit it to match the real resistance from the
voltage drop measurements (R points). This can be done by adjusting the factor a in
Equation (2.4) to fit the incline of the real measurements (R1) and if necessary, add a factor to
lift or lower the plot. This is done for both the LBS and L1 in two steps in online Geogebra.

Figure 4.5 shows the resistance R1 based on measurements on the real system higsrea (green)
vs the unadjusted resistance R> from the calculated theoretical Equation (2.4) higs theo (blUg)
for the LBS.

GeoGebra AJ Graphing ~

higs eal(x) = 0.06 x + 26 g A~

hiesheo(x) = 28.1 4+ 28.1-0.0039 (x — 20)

40 60 80 100 120

Figure 4.5: Resistance based on temperature change at LBS where the real resistance R1 (hiss rear) VS the
calculated resistance Rz (higs;neo) is plotted.

Figure 4.6 shows the real resistance R1 hissreal (green), the unadjusted resistance R from the
theoretical equation higs theo (blue) and the adjusted resistance higs agj (red) for the LBS. For
the adjusted resistance, a was first adjusted to have the same incline as higs rea, Which gives o
equal 0.0021. Then, a factor of -0.9 was added to lower higs agj to fit hgs real.

GeaGebra A/ Graphing ~
higs real(x) = 0.06 x + 26 H ~
higs theo(x) = 28.1 + 28.1-0.0039 (x — 20)

higszai(x) = 28.1+28.1-0.0021 (x—20)—0.9 3

Figure 4.6: Resistance based on temperature change at LBS for the real resistance R; (hiss ear), the calculated
resistance R, (Niss,meo) and the adjusted resistance (higs,adj)-
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The same procedure is executed for the L1 resistance. Figure 4.7 shows the resistance from
the real system R1 (green) and the theoretical resistance R (blue) based on Equation (2.4) for
L1

GeaGebra AJ Graphing ~
hiireal(x) = 0.7 x + 209 : [y

hi1heo(x) = 229.8 + 229.8 - 0.00392 (x — 20) 400

0 20 40 60 80 100 120

Figure 4.7: Resistance based on temperature change at phase L1. Plotted is the real resistance R1 (hp1 ra) VS the
calculated resistance R2 (hi1,theo).

By the same procedure as earlier, hi1,adj is adjusted from the theoretical equation to fit the real
resistance. First o is adjusted to 0.00305, which gives the same incline as hi1 rear. hi1.a0 lies
11°C higher than the real resistance hy1 real, S0 a factor of -11 is added at the end of hy1,aqj t0
lower the line. This result in the lines plotted in Figure 4.8 where hi1 rearand hi1adj IS equal.

GeoGebra
hieaif) = 0.7 x+ 205 -
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Figure 4.8: Resistance based on temperature change at L1 for the real resistance R1 (hp1a), the calculated
resistance R2 (hi1,meo) and the adjusted resistance (N1 agj)-

For both the LBS and L1 the factor a is lowered. This is most likely due to the contacts
within the switchgear and can be a result of the contact having another alloy than assumed.
The hiss,agj and hi1agj equations will be used in the thermal model to calculate and update the
resistance with the increasing temperature.
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4.4.1 Parameter summary

The adjusted equation for L1 and LBS will be used for resistance calculations in the thermal
model. The shift factor will be added at the end of the original equation. The parameter
values are listed below in Table 4.3.

Table 4.3: Parameter values for resistance equation.

LBS Phase L1
Teold [C] 20 20
Reold [1€] 28.1 229
o 0.0021 0.00305
Shift factor -0.9 -11

4.5 Determining contact resistance from total resistance

The percent of contact resistance of the total resistance for the LBS and L1 can be
determined. From a previous executed resistance test (about one year ago as a lab exercise in
the class Physics of Electrical Power Engineering [44]) [45] the cold resistance was
calculated based on measuring the voltage drop on L1. In the test, the phase was divided into
several parts and the resistance was calculated for each of the parts. Based on these values,
the amount of bulk resistance and contact resistance for the LBS and L1 can be determined.
Figure 4.9 shows the location of voltage drop measurements over phase L1 from the previous
lab exercise.

® Bolted connection

. Open/close contact

O Rotating contact

Figure 4.9: Measurement points on current path L1.

Table 4.4 shows the calculated result from the previous lab exercise. The current is 100A DC
in all cases.
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Table 4.4: Calculated resistance over current path L1. [45]

Meas. nr  Voltage drop  Calc. resistance | Meas. nr Voltage drop Calc. resistance

[mV] [nQ2] [mV] [nQ]

1 2.8 28 13 0.28 2.8

2 0.1 1 14 0.51 5.1

3 3.5 35 15 1.0 10

4 0.4 4 16 0.4 4

5 0.39 3.9 17 0.61 6.1

6 0.33 33 18 0.5 5

7 0.7 7 19 0.39 3.9

8 0.42 4.2 20 0.3 3

9 0.9 9 21 3.6 36

10 0.48 4.8 22 0.14 14

11 0.24 24 23 2.9 29

12 2.1 21 Total 22.99 229.9

The total cold resistance over the phase is 229.9uQ. The LBS for the following resistance test
is the measurement points 13, 14, 15, 16, 17 and 18 added together. Which for the cold
resistance gives 33uQ. [45] These values can be used to validate the new resistance
measurements and to calculate how large amount of the LBS and L1 phase is contact
resistance.

The cold resistances from R1 are calculated to be 28.1uQ for the LBS and 229.8uQ for L1.
Compared to the cold resistance of the LBS and phase L1 from Table 4.4, the resistance value
of the LBS is slightly lower with 28.1uQ compared to 30.2uQ. This is most likely due to the
accuracy of included bulk in the measurements. The resistance measured over L1 is almost
equal with 229.9uQ from Table 4.4 compared to 229.8uQ from the new measurements. This
deviation can be neglected and are most likely occurring from the number of included
decimals. The comparison increases the validity of the measurements of the cold resistance,
which is used as a base for calculating the changing resistance.

The amount of the total resistance which is contact resistance can be calculated based on
Table 4.4 and Figure 4.9. From Figure 4.9, measurement point 2, 4, 9, 11, 13, 15, 18, 20 and
22 are only contact resistances. The measurement point nr. 1, 7, 17 and 23 is partly contact
resistance and bulk resistance. As a simplification, its assumed 50% of these resistances are
bulk and 50% are contact resistance. Table 4.5 shows an overview of how much of the LBS
resistance and L1 resistance is bulk.
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Table 4.5: Contact resistance of the total resistance for the LBS and L1.

Riotal [MQ] Rcont [MQ] Rcont [%]
LBS 30.2 18.1 60
L1 229.8 76 34

For the LBS, 60% is calculated to be contact resistance of the total resistance. Some
inaccuracy is present due to the simplification of how much is contact and bulk resistance in
point 17. For the entire phase L1, 34% of the total resistance is calculated to be contact
resistance. The same cause of inaccuracy is present here from point 1, 7, 17 and 23.
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5 Steady state temperature rise tests

This chapter describes the temperature rise tests executed at the high current lab at USN campus
Porsgrunn for determination of model parameters. The executed tests are temperature rise tests
until steady state for a selection of applied currents.

5.1 Purpose

The purpose of the initial temperature rise tests is to create a base for the thermal model to be
developed, and to be able to compare and verify the thermal model to the actual temperature
rise in the switchgear. The first temperature rise tests to be executed are with applied current
at 400A, 500A and 630A (nominal) until steady state. Ch 3. describes the system setup. The
values and results of the temperature rise tests are used to calculate the heat transfer
coefficients and the time constants. The thermal model can then be developed in Python 3.7.

5.2 Procedure

The temperature rise tests are executed at the high current lab at USN campus Porsgrunn.
Thermocouple elements are placed on specified location to measure different temperatures of
the current path, surface areas and air temperatures. The sensor overview is available in
Appendix D. The thermocouples are plugged into the connection box so data can be
transferred to the data acquisition unit. The Data acquisition unit is connected to a computer
which logs the data by the computer software “Agilent BenchLink Data Logger 3”. This
software measures the temperature every given time unit, and stores and plot the data. For the
tests in this thesis, the temperature is measured every minute. AC cables are connected
between the phases on the current source/ injector and module C2 on the switchgear. Module
C3 is short circuited. The connection between the AC current source and the switchgear is
shown in Figure 5.1. The thermocouples are connected to connection box on the front side of
the switchgear and the data is sent to the computer in the background.

77Com uter

Current \Nei Switchgear
source

Figure 5.1: System setup.

54
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When the preparation is finished, the logging system is turned on to verify that the
thermocouples measure reasonable values (around 20°C on the cold system — room
temperature). After the logging has started, the current source is turned on and adjusted to
wanted input current. Steady state can be declared when the temperature increases less than
1K per hour. [3] [34]

5.3 Result and discussion of temperature rise tests

This subchapter shows the result of the steady state tests and the calculation of the parameter
values for the development of the thermal model.

5.3.1 Steady state temperature rise tests

The result of the temperature rise tests is described in this subchapter. The tests are run until
steady state for applied current at I = 400A, 500A and 630A. The chosen measurement points
presented are the LBS on phase L1, the enclosure air in same height as the LBS, the wall
temperature on the outside of the enclosure and the room temperature.

Figure 5.2 shows the result of the temperature rise test when the switchgear was injected with
400A until steady state.

Temperature rise for | = 400A
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Figure 5.2: Temperature rise test until steady state with | = 400A.

The temperature at the LBS started at 22°C and reached 48°C at steady state, which was after
about 6h and 10min. The enclosure air temperature increased from around 20°C to 32 °C. The
wall temperature and room temperature stayed relatively stable around 20°C.
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Figure 5.3 shows the result of the temperature rise test when applied current was | = 500A.

Temperature rise for | = 500A

100
90
80
70
60
50
40 Enclosure air
30

/ Wall
20 £

10 Room temp

- BS

Temperature ['C]

00:00
00:15
00:30
00:45
01:00
01:15
01:30
01:45
02:00
02:15
02:30
02:45
04:00
04:15
04:30
04:45
05:00

03:45
05:15
05:30
05:45
06:00
06:15

Figure 5.3: Temperature rise test until steady state with | = 500A.

When the applied current was | = 500A, steady state was reached after 6h and 10min. All of
the measured temperatures started at approximately 20°C and the room temperature stayed
there. The LBS reached 63°C, the enclosure air reached 38°C and the outside wall
temperature ended at 25°C.

The temperature rise with | = 630A (nominal current) is shown in Figure 5.4.
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Figure 5.4: Temperature rise test until steady state with nominal | = 630A.

The temperature rise with applied nominal current | = 630A reached steady state after 6.5
hours. The measurements started at room temperature, 20°C. The final temperature for the
LBS was 67°C, for the enclosure air it was 48°C and at the outside wall the temperature
reached 26°C.
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Table 5.1 shows an overview of the temperature rise AT for the three steady state cases with
different applied currents, which can be used to calculate the temperature rise as shown in
Equation (2.11). [25]

Table 5.1: Temperature rise ATe 0f LBS, enclosure air and outside wall for different applied currents.

ATeLBs [OC] ATeenclosure air [OC] ATe,outside wall [OC]
| = 400A 26.2 12.1 1.9
| = 500A 43.6 18.7 4.8
| = 630A 67.5 28.6 6.8

From the test results, it can be observed that the increase in applied current affect the
temperature increase. For lower currents the temperature increase in the sensor points inside
the switchgear enclosure (LBS, enclosure air) are lower than when higher current is applied
to the system. The wall temperature (which is measured on the outside of the switchgear) is
also affected by the applied current. This temperature change is not as large as the
temperature change inside the enclosure. The generated heat due to power loss, heats up the
inside of the enclosure (devices and air) and the wall. Based on the theory of heat dissipation
(section 2.3.2), the system went through the adiabatic state in the beginning when all the
power loss (heat) from the applied current path was used to heat up the current path. This
phase led to a fast increase in temperature, especially at the LBS. When the transition phase
started, the heat went from the current path to the surroundings, which here is the air inside
the enclosure. This can be the reason for the slower temperature increase at the start of the
test for the enclosure air and outside wall compared to the LBS. The measured temperature at
the outside wall can also have a slower temperature increase due to the thickness of the
double sidewalls as described in section 3.1 and cooling from the surrounding air. When the
stationary phase hits, all the heat goes to the surroundings and the temperature increase slows
down.

Based on the applied current for the three cases, it can be observed that the steady state
temperature rise increases at the LBS (which is the assumed most critical point based on
temperature limit) to around 30°C at 400A, 40°C at S00A and to nearly 70°C at 630A. The
IEC limit for silver coated contacts in OG is 115°C and a max temperature rise at ambient air
temperature (not exceeding 40°C) of 75K. Since 1K increase is equal 1°C increase, the max
temperature rise of the LBS is 75K or 75°C. The temperature rise at the LBS for all applied
currents are within this limit. The temperature limits are available in [3].

Increasing the current in steps from 630A (overloading), will most likely increase the
temperature significantly. It will therefore be important to observe the temperature rise to
prevent overheating and equipment fail/ damaging. For lower currents than nominal, the
system is not facing a risk of overheating. The switchgear does not use SF6 gas (as designed
for), but air. This can have an effect on the result. According to [46], the temperature rise of
SFe is higher than air, when the heat distribution in the switchgear is similar.
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5 Steady state temperature rise tests
5.3.2 Importance of wall selection for wall subsystem

The outside wall chosen to represent the second subsystem is side 1, which was chosen
before any tests were executed. With the data gathered from the temperature rise tests, it is
possible to analyze and compare the different outside surface areas heat transfer coefficients
to determine the optimal outside surface wall.

Optimal enclosure surface with assumed heat transfer coefficient:

The first analyze is with an assumed heat transfer coefficient. This test is based on comparing
the measured steady state temperature at the different outside surface walls and calculate the
temperature from an assumed heat transfer coefficient by Equation (2.13). A new temperature
rise test is performed with applied nominal current I = 630A. The sensor setup is shown in
Appendix D, where the temperature at each outside surface walls are measured. Table 5.2
shows the measured steady state temperatures.

Table 5.2: Steady state temperature on outside surface wall locations .
Top Bottom  Sidel Side 2 Front  Back

Steady state temperature, 40.8 26.9 26 31.2 25.2 35.1
outside wall [°C]

The highest measured temperature was on the top of the enclosure. This is most likely due to
the movement of the heat, which rises over colder air and results in the warmer air flowing
toward the enclosure top. A contribution can be that the location of the current path inside the
enclosure is close to the enclosure top. The top and back wall is the thinnest, resulting in a
more effective heat transfer through these walls and a higher measured temperature compared
to thicker walls. The front, bottom and side 1 of the enclosure measured the lowest final
temperature between 25-27°C, which indicates less heat transfer trough these surfaces or a
more effective cooling compared to the rest. A possible reason side 2 gets warmer than side 1
is the lack of devices (inside the enclosure) close to side 1 compared to side 2. The front has a
ticker surface wall due to the control panel which results in a lower measured temperature on
the outside. This is also necessary to prevent users/ operators from touching a hot surface
while working. The thickness of the different walls of the enclosure is listed in Table 3.2.

The heat transfer coefficient is set to 10 W/m?K as an assumption, as done in [47]. The wall
temperature for this heat transfer coefficient is calculated from Equation (2.13) and gives
Twan equal 29°C. Based on this test, the most optimal enclosure wall to choose is the bottom
or side 2, which is only approximately 2 degrees off. It is not known if the heat transfer
coefficient of this specific switchgear actually is 10 W/m?K. Therefore, the following section
shows the calculated heat transfer coefficient based on the measured temperatures for each
outside surface area.

Calculation of heat transfer coefficient for each outside surface area:

The heat transfer coefficient for the different outside surface areas can be calculated based on
the measured temperatures. The calculation is performed in Python 3.7 and the code is
available in Appendix E. The results are shown in Table 5.3.
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5 Steady state temperature rise tests
Table 5.3: Heat transfer coefficient at different outside wall surfaces with applied current | = 630A.

Top Bottom  Sidel Side 2 Front  Back

Heat transfer coefficient 4.3 12.7 15.3 79 16.6 5.9
[W/m?K]

Based on Table 5.3, a higher measured temperature results in a lower heat transfer
coefficient. This is consistent with Equation (2.13). The bottom has the calculated heat
transfer coefficient closest to 10W/m?K. The deviation between the calculated heat transfer
coefficients differs between 4.3W/m?K and 16.6W/m?K. Based on the results, the heat
transfer of the different outside surface areas are not similar. It is therefore important to
specify which surface wall is chosen to be used as a subsystem, since this will influence the
results significantly. In a real situation it might be needed to monitor the temperature of all
outside surface walls. In this test, only one measurement point at the center of each wall is
used. A future analysis might include several measurement points on each wall to analyze
differences.

5.3.3 Thermal time constants

The thermal time constant describes the response time after a step up or down of the input
signal (here the applied current). Two time constants are used to describe the MV switchgear
heat transfer system. The times constants are calculated for each of the three applied currents.
In the following description, only the calculation with | = 630A is presented. The calculations
when | = 400A and 500A is available in Appendix F. The first time constant is calculated
based on the temperature at the LBS on current path L1. The highest measured temperature
was 86.7°C and the final room temperature was 21.1°C. The second time constant is
calculated by the temperature on the outside wall (side 1) which measured a max temperature
at 26.3°C. The highest room temperature was at 21.1°C. The temperature at the time
constants is found at 63.2% of the temperature rise and calculated with Equation (5.1). [48]

T‘r = ((Tmax,sensor - Tmax,air) * 63-2%) + Tmax,air (5-1)

For LBS:

Ty 1ps = ((86.7°C — 21.1°C) % 63.2%) + 21.1°C = 62.6°C ~ 63°C
For surface wall:

Tewan = ((26.3°C — 21.1°C) * 63.2%) + 21.1°C = 24.4°C ~ 24°C

The time constant can visually be found at these temperatures. The time constants for the
LBS and the outside surface wall are shown respectively in Figure 5.5 and Figure 5.6. The
results of the time constant calculations are shown in Table 5.4.
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Figure 5.5: Time constant for LBS.
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Figure 5.6: Time constant for outside wall.

The time constants with applied current | = 400A and | = 500A is calculated in Appendix F.
Table 5.4 shows an overview of the time constants.

Table 5.4: Time constants for current path and outside wall.

TLBs [Min] Twall [Min]
| = 400A 90 150
| = 500A 80 140
| = 630A 70 135

Figure 5.7 shows the time constant vs temperature. The temperature is the measured steady
state temperature for the LBS and outside wall for the three calculated cases in Table 5.4.
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time constant vs temperature
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Figure 5.7: Time constant vs temperature for LBS and outside wall.

The time constant for both subsystems show a decreasing time constant with increasing
current and temperature. This can be explained by Equation (2.12). The heat transfer
coefficient increases with increasing temperature while cM and A is fixed. This results in a
decreasing time constant. For the temperature rise, a larger time constant means it takes
longer time for the temperature to increase to steady state/max temperature. This happens in
these tests when the current is lower. It also results in a less steep slope, when the current is
lower. In the opposite direction, it means that if a high current is applied (ex. 850A) the time
constant will be smaller, and the temperature increase to steady state/max will be faster and
steeper than any of the lower currents tested here.

Based on Table 5.4, the time constant for the outside wall decreases with a similar change as
the time constant at the LBS. Including the temperature as a factor as shown in Figure 5.4, the
outside wall time constant changes more aggressively than for the LBS. The LBS has a time
constant change from 90min to 70min during a temperature change from 87°C to 48°C. The
outside walls time constant changes from 150min to 135min when the temperature changes
from 23°C to 26°C. This fits well with the observation of the LBS having a fast temperature
rise from tests in section 5.3 and from previous papers like [21].

5.3.4 Heat transfer coefficients

The two heat transfer coefficient is calculated in Python 3.7. The code is available in
Appendix E. The first heat transfer coefficient h.gs is used to describe the inner systems
where the heat flows from the warmest point on the current path (which is the LBS) to the
surrounding air. The second heat transfer coefficient hwai is used to describe the subsystem
where heat flows from the air inside the enclosure and out. It is based on the measurements
from the outside wall. The method used to calculate the heat transfer coefficients is shown in
Equation (5.2).

h R« I’ (5.2)
a Asurf * (Tmax - Tair) .

Here R is the warm resistance, | is the input current, Asurf is the effective surface area, Tmax IS
the highest temperature and Tair is the air temperature.
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For higs the temperature is measured at the LBS sensor on phase L1. The resistance is the
calculated resistance for LBS from the adjusted equation in section 4.3 and Asurf IS the
effective surface area of the LBS. The power input for the second heat transfer coefficient
hwai IS based on the incoming power to the system which heats up the current path. The used
resistance is therefore the resistance of the current path (L1 times 3), which was calculated in
section 4.3. Asur IS the effective surface area of the enclosure wall. The calculated heat
transfer coefficients for the three different applied currents are presented in Table 5.5.

Table 5.5: Heat transfer coefficient for the three different applied currents.
hies [W/m?K]  hwai [W/m?K]

| = 400A 10.6 12.6
I = 500A 11.3 13.4
I = 630A 13.2 154

The heat transfer vs steady state temperature for each of the applied current is plotted in
Figure 5.8.
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Figure 5.8: Heat transfer coefficient vs temperature for LBS and outside wall.

The heat transfer coefficients have an increasing value with increasing applied current, which
can be explained by Equation (5.2). For this case, the surface area is assumed fixed. The
temperature and the resistance increases with higher temperature, but the largest factor is the
current squared which results in an increasing heat transfer coefficient in most cases. The
heat transfer coefficient of the outside wall has a more rapid increase than the LBS, when the
temperature and current increases. The outside wall heat transfer coefficient has a higher
value than the LBS at lower steady state temperature when the same current is applied.

It is challenging to determine especially the second heat transfer coefficients due the
ununiform switchgear system. The switchgear is not an empty box, but have devices and
equipment inside, which can affect the heat transfer of the system in addition to the different
thicknesses of the different walls as described in section 3.1. This makes it more challenging
to define and gather correct parameter values, which leads to some assumptions and
simplifications. The heat transfer is calculated based on one of the side walls (side 1).
Another wall would have resulted in a different result. Calculating the effective surface area
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can also lead to challenges based on the definition (what is included). The value of the heat
transfer coefficient hwan has therefore a higher possibility of being inaccurate for describing
the heat transfer from the enclosure air through the walls and to the surrounding air outside
the switchgear. To make sure the values are within acceptable limits and makes sense,
reference values are used from already published papers calculating the heat transfer
coefficients on similar systems. From the paper [33] the heat transfer coefficient on the LBS
was calculated to be between 10-17W/m?2K, around 17W/m?K for bare conductors with
emission at 0.2-0.3 and 23W/m?K for bare conductors with emission at 1 (black body). This
is only used as an indication and the values are highly dependent on the specific system. The
heat transfer coefficient of the wall is higher than expected based on the lower temperature
deviation. A reason for this can be the calculated surface area or a higher emission constant
than assumed, which is part of the definition of radiation as shown in Equation (2.25).
Another possible reason is that the chosen outside wall is not the optimal wall for describing
the second heat transfer.
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6 Thermal model of MV switchgear

The thermal model of the MV switchgear is modelled by the general thermal energy balance
for dynamic systems. The system is modelled as a lumped parameter system for
simplification. [48] Which in this system makes the temperatures in the two subsystems
uniformly distributed. The temperatures used for developing the thermal model is the
temperature of the LBS, the air surrounding the LBS, enclosure wall and room temperature
outside the enclosure. Equation (6.1) shows the general thermal energy balance. [50]

drT 1

E = E (Pin — Pout) (6.1)
Where dT/dt describes the temperature change, C is the heat capacity of the system, h is the
heat transfer coefficient, A is the surface area and T is temperature. Equation (6.2) shows the
heat capacity C.

C=cM= thA (6.2)

Where c is the specific heat capacity, M is the system mass and t is the thermal time constant
in min. For the system, the temperature change per time unit can be written as shown in
equation (6.3) and (6.4) for the two subsystems, called LBS and wall. The subsystem LBS
describes the heat transfer from the LBS to the surrounding air inside the enclosure, and the
subsystem wall describes the heat transfer from the inside the enclosure and out of the
enclosure through the wall. Temperature change for the LBS to surrounding air is shown in
Equation (6.3) and for the surrounding air to outside enclosure Equation (6.4).

dTips 1
dt = E (PLBs,in - PLBs,out) (6.3)
dTwall _ 1

dt - E (Pwall,in - Pwall,out) (6-4)

The input power according to Ohm’s law is shown in Equation (6.5). The output powers for
the thermal model development in Equation (6.6) and (6.7) are based on Equation (2.13).

P, = RI? (6.5)
P LBS,out = higsALgs (TLBS - Tair) (6-6)
Pwall,out = hwallAwall(Twall - Troom) (67)

The resistance R changes value by increasing temperature according to Equation (2.4) with
values given in Table 4.3. The dynamic model for the temperature rise inside the switchgear
for each subsystem can be summed up as shown below in Equation (6.8) and (6.9).

dT, 1
stBS -C [(RI?) — (hupsALps(Tas — Tair)] (6.8)
arT, 1
dta” - E [(RIZ) - (hwallAwall(Twall - Troom)] (6'9)
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7 Short duration overload test

This chapter shows the results of the temperature rise test with initial applied current at 400A,
500A or 630A before the system is overloaded with current at 700A, 800A or 850A. The test
cases will be used later for comparison and verification of the thermal model. To be able to
observe and analyze the overloading of the system it is decided to go over the IEC
temperature limit of a temperature rise of 75K, but not exceeding the 115°C limit. [3]
Without exceeding the 75K temperature limit for the LBS, an overload after applying 630A
would result in a temperature increase less than 10°C. This is not enough at the LBS to
determine the slope or gather any useful data. The temperature limit of the switch is decided
based on the material of the switch, indicating the switch can handle a temperature of 115°C.
In on normal operation, the limits are not recommended to be exceed based on this
assumption. This is done for research purposes of stressing the system.

7.1 Overloading with initially | = 400A

The result of the temperature rise test for applied current 1 = 400A until steady state and then
overloaded with 700A is shown in Figure 7.1. Since the temperature never reached 115°C
when the applied current was 700A, a new steady state was reached. The LBS, enclosure air,
outside wall and room temperature are plotted.
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Figure 7.1: Temperature rise with | = 400A, which later is changed to 700A.

The system was applied with 400A until steady state, at approximately 5h and 50min. The
current was then increased to 700A for the overloading. The LBS did not reach the 115°C
IEC limits, so the system stabilized at a higher steady state after about 12h and 15min of the
total run time and approximately 6h and 45min after the current change. The current was then
turned off and the system cooled down. At steady state with 700A, the LBS sensor measured
the highest temperature at 100.4°C. The final temperature rise of the LBS was 80°C, 30°C for
the enclosure air and around 10°C at the outside wall.
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7 Short duration overload test

Figure 7.2 shows the temperature rise when 400A was applied until steady state, then
overloaded with 800A. The current was turned off when LBS sensor reached 110°C.
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Figure 7.2: Temperature rise with initially I = 400A and later changed to 800A.

The system reached steady state after approximately 5.5 hours with |1 = 400A. The applied
current was then changed to 800A. The temperature at the LBS reached almost it’s 115°C
limit after approximately 2 hours under overloading. The current was then turned off, and the
test was stopped. The enclosure air had a temperature increase of around 30°C and the outside
wall at around 10°C.

The result of the temperature rise when the system was loaded with | = 400A until steady
state and then overloaded with 850A (until the LBS temperature limit was almost reached) is
shown in Figure 7.3.
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Figure 7.3: Temperature rise with | = 400A and overloaded later to 850A.
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7 Short duration overload test

The temperature reached steady state after approximately 5h and 45min with 400A applied
current. At this time, the current was adjusted to 850A. the LBS sensor was the first sensor to
almost reach its temperature limit with 110°C after about 1h and 15min after the overload
started. The current source was then turn off and the temperature decreased. The temperature
rise of the enclosure air was around 30°C and slightly lower than 10°C at the outside wall.
The increase in room temperature at approximately 3.5h is unclear, but most likely an error or
movement at the measurement point.

7.2 Overloading with initially | = 500A

The switchgear was loaded with | = 500A until steady state, before being overloaded with | =
700A. The result is shown in Figure 7.4.
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Figure 7.4: Temperature rise with | = 500A and later overloaded to 700A.

The system was first loaded with nominal current | = 500A until steady state was reached.
This took approximately 6,5 hours. The applied current was then changed to 700A. The LBS
sensor did not measure temperatures close to given 115°C temperature limits, so a new steady
state was reached. The highest measured temperature was by LBS sensor with 101°C. After
the new steady state was reached (at around 12 hours total runtime), the applied current was
turned off and the system cooled down. The enclosure air had a temperature increase of
around 35°C and the wall at around 8°C.
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7 Short duration overload test

Figure 7.5 shows the change of temperature when the switchgear was overloaded with | =
800A after reaching steady state with applied current at | = 500A.
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Figure 7.5: Temperature rise with initially 1 = 500A and later changed to 800A.

Steady state with 500A was reached after approximately 6h and 30min. Then the system was
overloaded with 800A until the LBS sensor reached its temperature limit. This happened after
approximately 7h and 50min after the applied current was changed. For the enclosure air, the
temperature rise was around 30°C and the around 5°C at the wall.

Figure 7.6 shows the temperature rise test when the system was loaded with 500A until
steady state and then overloaded with 850A for a shorter time period.
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Figure 7.6: Temperature rise with | = 500A and later overloaded to 850A.

The temperature stabilized at steady state after approximately 6h and 10min with | = 630A.
At this time the current was adjusted to 850A for the overloading. The LBS sensor was the
first sensor to almost reach its temperature limit after about 1 hour of overloading. The
current was then set to zero and the system cooled down. The temperature increase of the
enclosure air was measured to be around 30°C and around 5°C at the outside wall.
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7 Short duration overload test
7.3 Overloading with initially | = 630A

The system was loaded with 630A until steady state before being overloaded with 700A.
Figure 7.7 shows the result of the temperature rise test.
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Figure 7.7: Temperature rise with nominal | = 630A and later overloaded to 700A.

The temperature reached steady state with applied current | = 630A after approximately 7
hours and 15min. At this time the system was overloaded by increasing the current to 700A.
Before the overload, the temperature at the LBS was close to the IEC limit (75K temperature
increase) at steady state. The temperature was measured to be at 86°C, which is a temperature
rise of 66K. Based on the IEC limit, the LBS can only have a temperature rise from steady
state of less than 10°C or 10K to be within this limit. It is not recommended to try to push this
limit by overloading the system. For the purpose of the research in this thesis, the limit is
exceeded to get usable values in development and verification of the thermal model. To be
able to execute the overload tests, the ability of the material of the LBS is used. The LBS
itself can handle temperature up to 115°C according to IEC. Due to the temperature rise limit
being exceeded, the risk of damaging the device, degradation etc. is higher. As done for the
previous tests, the system was tested for overload until a temperature of 110°C (close to 115
°C) was reached.

The LBS did not reach 110°C during the overload and a new steady state was reach instead.
The 75K temperature limit was reached approximately 1 hour after the current was changed.
The temperature increase of the enclosure air was around 35°C and 10°C at the outside wall.
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7 Short duration overload test

Figure 7.8 shows the system when it was loaded with 630A until steady state before being
overloaded with 800A.
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Figure 7.8: Temperature rise with | = 630A and later overloaded to 800A.

The system reached steady state after approximately 6h and 40min runtime. Then the system
was overloaded with 800A for approximately 45min before the current was turned off. The
highest measured temperature was 110°C on LBS sensor after 7h and 30min runtime. The
temperature increase at the enclosure air was around 30°C and 7°C at the outside wall. The
dip in the measurement at the wall and room temperature after 6 hours and 15 min in the
room temperature measurement was due to the gate in the lab being opened by other lab
users. The gate was opened for about 15min and the outside air (in February) mixed with the
inside air in the lab, decreasing the room temperature.

Figure 7.9 shows the temperature rise for the system when nominal current was applied until
steady state. The system is then overloaded with 850A.
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Figure 7.9: Temperature rise with initially I = 063A and later changed to 850A.

After the system reached steady state with | = 630A (after approximately 6h and 20min), the
current is increased to 850A. LBS sensor reached 110°C 30min later, after 6 hours and 50min
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7 Short duration overload test

total runtime. The current was then turned off and the system cooled down. The temperature
increase at the enclosure air was approximately 30°C and 8°C at the outside wall.

7.4 Discussion of the overload tests

The observation from comparing the different slopes of the overload currents (700A, 800A,
850A) shows that the temperature increase gets faster/ steeper with higher applied current.
With the 700A current, the maximum temperature is around 100°C or a temperature increase
of 80K at the LBS. This is lower than the maximum temperature limit of 115°C limit and 5K
over the 75K temperature increase limit. For all 800A and 850A cases the applied current was
turned off when the LBS reached 110°C, which is close to the 115°C limit and 15K over the
temperature increase limit for the switch. Based on the initial temperature of the LBS at
approximately 20°C. The slope increase in the overload cases is more aggressive with higher
currents, resulting in a shorter time before the temperature limits is reached as shown in Table
7.1.

Comparing the different initial current cases gives the observation that the chosen initial
current highly affects the time the system can be overloaded. The LBS are in center of the
analyze since it’s the device which reaches its limits first and therefore the most vulnerable to
damage. When 400A is the initial current, it takes longer time in the overload phases for the
system to reach its limit. This is natural since the steady state temperature in the 400A cases
is at approximately 50°C compared to the 630A cases when the overload starts at nearly
90°C. This means that if an overload is to be performed in the system, it is important to know
the initial temperature, the temperature when the current is changed and the applied currents
to be able to have an indication of possible overload time/ time before the limits are reached.
From the test result, it can be observed that an overload current of 700A or higher results in a
too high temperature at the LBS according to the IEC limits of the temperature rise for MV
switchgears. It is therefore not recommended to apply a current larger than 630A if no
temperature overload is intended.

Cooling is a very important factor in the possibility of overloading. In the system, cooling is
mainly from the surrounding air (room temp at 20°C), but can also be from the cables. If the
cable connection to the switchgear has a colder temperature than the switchgear, it can be a
part of the cooling. In situations, the cables can also be warmer than the switchgear and be a
factor in warming the system. This shift can change during a test run. For this thesis, the
focus is on the surrounding air as the main cooling factor to the system. A possible reason the
outside wall temperature increase in most cases is 10°C or lower can be the cooling effect
from the surroundings. The room or ambient temperature is 20°C. Even with the heat transfer
through the walls in the second subsystem (which heats up the outside wall), the cooling
effect has a large enough effect to prevent higher temperatures of this outside wall. A lower
surrounding air temperature decreases the risk of overheating the system due to the higher
cooling factor.

Due to the risk of damaging the system, it is not recommended to overload the system
without having totally control over every factor influencing the system and its environment.
Cooling can have an important influence on how much the system can handle. Some
switchgears have more controlled ventilation and location which is in favor for safety. The
risk of overloading the system several times can affect the switch and change its functionality
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7 Short duration overload test

or increase the percentage of damaging and degradation. Which again can change or
influence the temperature increase of the switch from one operation to the next.

If the system is overloaded, it is recommended to frequently check the devices inside the
switchgear for damage. When it comes to overloading the switches in this thesis, the switches
were checked for damage like discoloring after the tests. None was detected. The damaging
or degradation risk is higher when the temperature limits are pushed, which is a concern. It is
also possible to repeat resistance test over the LBS after each test run to look for changes and
in that way detect degradation or damage. Table 7.2 shows an overview of the cooling time
from max temperature until the temperature was down to the steady state value of the initial
current.

Overload time for LBS:

Table 7.1 shows the time it takes all 9 test cases to go from the first steady state to the
temperature limit for the LBS (75K increase) with an ambient temperature of 20°C. [3]

Table 7.1: Overload time for each test case until a temperature increase of 75K is reached at LBS.

Overload | 700A 800A 850A
Initial |
400A 3h 1h 40min
500A 2h 40min 30min
630A 1h 15min 10min

Cooling time to steady state temperature for LBS:

The time it takes the temperature to cool down from max temperature to the start temperature
of the overload period is shown in Table 7.2.

Table 7.2: Cooling time from max to steady state at the LBS.

Overload | 700A 800A 850A
Initial |
400A 1h 1h 45min
500A 30min 25min 20min
630A 10min 10min 10min
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8 Data simulation

8 Data simulation

Chapter 8 shows the simulated results of the thermal model for the different temperature rise
tests until steady state (I = 400A, I = 500A and | = 630A with and without overloading. The
model and model parameters are based on information and data gathered from the physical
test at the lab and calculated values. The presented results show the real temperature rise (lab
data) vs. the simulated temperature rise from the thermal model. For verification of the
thermal model, overload cases are tested and presented. The average deviation between the
real data and the result of the thermal model is calculated to give an indication of the
accuracy. The simulations shows the temperature rise at the LBS and the outside surface wall,
which represents the two subsystems. The Python scripts are available in Appendix G.

8.1 Simulated vs. real temperature rise without overloading

The thermal model is developed to be able to simulate the temperature rise of the switchgear
system. Defined by the subsystems LBS and surface wall. The continuously simulated result
is developed based on the thermal model shown in Equation (6.8) and (6.9). The real data
(dotted lines) are measurements from the real lab system and are retrieved from excel and
plotted in the same Python program. The following figures shows the simulated and real
temperature rise at the LBS and enclosure air. The changing input factor is the input current.
Figure 8.1 shows the result when applied current is | = 400A, Figure 8.2 when | = 500A and
Figure 8.3 when nominal current I = 630A is applied.
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Figure 8.3: Simulated and real temperature rise with | = 630A.

The real vs simulated temperature rises at the LBS and outside wall gives similar plots. The
simulated wall temperature is slightly larger than the real values at around 0-250min in all
cases, but not notable. The initial and final temperature at the outside wall for the simulated
and real data are equal. For the LBS there is a deviation between the real measurements and
the simulated temperature from 0-200min in the 500A case. For the 400A and 630A the
simulated data is slightly lower from approximately 0-100min and slightly higher after.

The inaccuracies can be due to the use of a simplified model, which do not include every
aspect of the system and have some assumption and neglections included. This can affect the
calculation of the parameter values and result in unideal values for the model. Since the
simulated plots shows a slower temperature rise in the start of the simulation period, it can be
assumed some of the input parameters are not optimal.

The calculated average error or deviation between the real and simulated model for each
timestep (1min) is shown in Table 8.1. The average temperature deviation is calculated based
on Equation (8.1).

error

——— % 1009
total (AT) * % (8.1)
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Table 8.1: Average temperature deviation between the real and simulated models for the two subsystems.

| = 400A I = 500A | =630A
LBS AT [°C] 26.2 436 67.5
LBS error [°C] 1.4 3.3 14
LBS error [%] 5.3 7.6 2.1
Outside wall AT [°C] 1.9 4.8 6.8
Outside wall error ['C] 0.1 0.2 0.6
Outside wall error [%] 5.3 4.2 8.8

The average temperature deviation between the real data and simulated thermal model
indicates how accurate the thermal model is compared to the real data. The deviation is
presented in actual temperature error and in percentage. AT is the temperature deviation
between steady state temperature and initial temperature for each case. The thermal model
has an average error less than 10% in all cases, which are considered acceptable for the
purpose of this study.

8.2 Simulated vs. real temperature rise with overloading

Simulation of the temperature rise with overloading at LBS and outside surface wall based on
the thermal model and the real measurements on the switchgear is shown in this sub chapter.
The temperature rise tests with overload is executed and simulated with the purpose of
verifying the developed thermal model and the input parameters. The simulations are also
used to analyze how accurate the thermal model predicts the temperature rise compared to the
real measurement data. The change of applied current during the test run can be used to
determine if the thermal model is good enough to predict how the temperature increase act
for this specific switchgear system (based on the two subsystems) at higher applied currents
than nominal current. Being able to predict the temperature rise accurately can be used in
future test cases to disclude the need for executing a real temperature rise tests and to get an
indication of how long it takes the subsystems to reach its temperature limits.

8.2.1 Parameter values from initial model

The 9 overload cases have initial current at 400A, 500A or 630A. At a given time, the current
is changed to 700A, 800A or 850A. The given time is when steady state is reached. The only
parameter values changed in the overload cases are the applied current. Parameter values like
the time constant and heat transfer coefficient is not adjusted. This is to observe how the
models preform with different currents without any changes.
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8 Data simulation
Initial current at | = 400A:

Figure 8.4, Figure 8.4 and Figure 8.5 shows the simulated vs. real temperature rise with initial

current at 400A. During the test period, the current is adjusted to respectively 700A, 800A

and 850A.
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Figure 8.4: Sim vs real temperature rise at subsystems for | = 400A,
which is changed to | = 700A during runtime.

Figure 8.5: Sim vs real temperature rise at subsystems for | =
400A, which is changed to | = 800A during runtime.
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Figure 8.6: Sim vs real temperature rise at subsystems for | = 400A,
which is changed to | = 850A during runtime.

For all overload cases, the thermal model seems to fit the real data best with only a small
deviation when the applied current is 400A. When the current is changed to either 700A,
800A or 850A, the deviation between the real data and simulated model is larger. The
simulated model of the LBS predicts a lower temperature than the real data in all cases. For
the wall temperature, the simulated model predicts a higher temperature in the 700A and
850A cases. The prediction of the wall temperature in the 800A case is lower than the real

data. In the 700A and 850A cases, the simulated temperature of the wall is higher than the
real measurements.
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8 Data simulation
Initial current at | = 500A:

The simulated vs. real temperature rise with initial current at 500A and overloaded later is
shown in Figure 8.7, Figure 8.7 and Figure 8.9. Respectively, the current is overloaded with
700A, 800A and 850A in each figure.
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Figure 8.7: Sim vs real temperature rise at subsystems for | = 500A, Figure 8.8: Sim vs real temperature rise at subsystems for | =

which is changed to | = 700A during runtime. 500A, which is changed to | = 800A during runtime.
Sim vs real. | = 500A and later overloaded to | = 850A.
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Figure 8.9: Sim vs real temperature rise at subsystems for | = 500A,
which is changed to | = 850A during runtime.

When the initial current (500A) is applied, the deviation between the real and simulated data
is small compared to the overload phases. The simulated model predicts a lower temperature
at the LBS in the overload period in all cases, while the prediction of the outside wall
temperature in the overload phases is higher than the real data. Compared to the cases when
the initial current was 400A, the deviation between the simulated and real data in the
overload phase for the LBS is similar or smaller when the initial current was 500A. At the
wall, the deviation in the overload period is larger in the 500A-700A case compared to the
400A-700A. The deviation between the real and simulated temperature rise is more similar in
the 400A-800A compared to 500A-800A case, and in the 400A-850A case compared to
500A-850A.
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8 Data simulation
Initial current at | = 630A:

Figure 8.10, Figure 8.11 and Figure 8.12 shows the simulated vs. real temperature rise with
initial current at 630A (nominal). The current is during the runtime adjusted to respectively
700A, 800A and 850A.
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Figure 8.10: Sim vs real temperature rise at subsystems for Figure 8.11: Sim vs real temperature rise at subsystems for nominal
nominal | = 630A, which is changed to | = 700A during runtime. I = 630A, which is changed to | = 800A during runtime.
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Figure 8.12: Sim vs real temperature rise at subsystems for nominal
I = 630A, which is changed to | = 850A during runtime.

The deviation between the real and simulated temperature rise is smaller when the initial
current is applied than in the overload phases. This is similar to the previous tests with 400A
and 500A as initial current. For the LBS, the real data is higher than what the simulated
model predicts in all cases. The real data is also higher at the wall in the 700A case, while the
real data is lower in the 850A. In the 800A case, the real and simulated data in the overload
phase is similar. Compared to the tests with 400A and 500A, the overload phase for the 630A
cases at the LBS have a lover deviation between the real and simulated temperature rise. For
the wall, the simulated and real temperature rise in the overload periods are more similar in
the 630A cases.
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Average deviation/ error:
The average deviation between the simulated and real models are calculated for the overload
cases. The calculations are available in Appendix H. The final result is presented in Table 8.2

for the LBS and in Table 8.3 for the wall. The approach is equal the description in section
8.1.

Table 8.2: Average error between the real and simulated plots for the LBS.

Overload | 700A 800A 850A
Initial |
400A 5.3% 3.9% 4.4%
500A 4.4% 1% 0.3%
630A 0.8% 1.1% 7.8%

Table 8.3: Average error between the real and simulated plots for the wall.

Overload | 700A 800A 850A
Initial |
400A 11% 5.7% 6.7%
500A 19.8% 7.9% 8.7%
630A 1.6% 6% 21.5%

The average error describes the average temperature deviation or error between the real and
simulated data. It includes the entire test run period from the current is turned on, adjusted
and turned off. As seen from Table 8.2 the error changes for the LBS between 0.3% and
7.8%, indicating an average error lower than 10% between the real data and the simulated
data. For the outside wall temperature, the average temperature error is between 1.6% and
21.5%. The high deviation between the real and simulated data in the 630A-850A case and
500A-700A case is due to the larger deviation between the real and simulated data in the
overload and cooling period.

The average error does not view the actual max and min error. Based on the results presented
in the previous figures, the error or deviation fluctuates largely in most cases. In the plots,
there is usually a period of time where the deviation is higher, and a period of time where
deviation is close to zero. The average temperature deviation can instead only be used as an
indication of the thermal model’s accuracy. The simulated thermal model is more accurate
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based on the calculated average deviation to the real data for the LBS than the outside wall.
In most cases the error or deviation between the simulated and real model is smaller when the
initial current (400A, 500A or 630A) is used and a larger deviation in the overload or cooling
periods (700A, 800A or 850A).

The simulations of the LBS have a less steep temperature rise than what the real data shows.
The thermal model underestimates the possible overload times, which indicates that the time
constant of the overload period in the thermal model is not correct or fitted for the situations.
This is most likely due to the time constant used in the overload cases is the same as for the
initial current. Based on the underestimations, the thermal time constant should be shorter for
higher applied currents. The next step (sub chapter) will be to manually adjust the time
constant in the overload periods/ for the overload currents of the 9 cases. This is done to try
to improve the simulation by reducing the deviation between the real and simulated
temperature rise in the overload periods.

8.2.2 Manual adjustment of time constants

Based on the observations in section 8.2.1, the next step is changing the time constant in the
overload periods of the 9 cases to better fit the real data. Based on the test cases in section
8.2.1, the thermal model is not able to predict accurately the temperature increase when the
current is changed. The lower predictions indicate a to high time constant. Instead of running
temperature rise tests with 700A, 800A and 850A (which would have resulted in too high
temperatures based on the temperature limit of the LBS), the ideal time constant for each 9
cases would be gathered by manually adjusting them in the software code, Appendix G. The
procedure is to change (only) the time constant in the overload phase in the code until the
temperature increase seems reasonable and are more similar to the real temperature rise. The
found/ new time constants are collected and a pattern is developed to be able to indicate how
the time constant changes based on the initial and overload currents.

Initial current at | = 400A:

Figure 8.13, Figure 8.14 and Figure 8.15 shows the simulated thermal model vs the real data
when the initial current is 400A. For these cases, the time constant is manually adjusted in the
overload period (when the current is 700A, 800A or 850A) to fit the real data. Overview of
the time constants are shown in Table 8.4 and Table 8.5.
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Figure 8.13: Sim vs real temperature rise with manually adjusted time
constant when | = 700A. Initial current is 400A.

Figure 8.14:Sim vs real temperature rise with manually
adjusted time constant when | = 800A. Initial current is 400A.
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Figure 8.15: Sim vs real temperature rise with manually adjusted
time constant when | = 850A. Initial current is 400A.

The new time constant in the overload period at the LBS is changed from 90min to 82min in
the 400A-700A case, 58min in the 400A-800A and 45 min in the 400A-850A. For the outside
wall, the new time constant is 170min in the 400A-700A case, 180min in the 400A-800A
case and 190min in the 400A-850A case. The new simulated maximum temperatures of the
three test cases at the LBS and wall is similar to the real data. Which indicates that the new
time constant in the overload periods are more accurate for these cases. The optimal time
constant for the LBS decreases for each case, while it increases at the outside wall. A
decreasing time constant indicates that the slope of the temperature increase is steeper, and
the temperature reaches maximum temperature quicker. For the LBS, the time constant
decreases for increasing overload current (with same initial current and overload start
temperature) with nearly 40min. This indicates that the overload current highly affects the
time constant.

A possible reason the wall is not affected as the LBS is the similar temperature deviation
between start and end temperature in all cases. In theory, the slopes are steeper for higher
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overload currents which should have resulted in the time constant decreasing with increasing
overload current. The opposite is present, which can indicate that only adjusting the time
constant in the code is not ideal. It is also possible the program is not detailed enough to
adjust accurate for so similar temperature increases.

With the new time constants, the temperature rise in the overload period does not match the
real data exactly and some deviation is present, but the deviation is smaller compared to using
the unadjusted time constants. No changes are done in the cooling period from step 1.

Initial current at | = 500A:

The simulated thermal model with manually adjusted time constant for the overload period vs
the real data is shown in Figure 8.16, Figure 8.17 and Figure 8.18 when the initial current is
500A. Table 8.4 and Table 8.5 shows the time constant in the overload period.
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Figure 8.16: Sim vs real temperature rise with manually adjusted time Figure 8.17: Sim vs real temperature rise with manually
constant when I = 700A. Initial current is 500A. adjusted time constant when | = 800A. Initial current is 500A.
Sim vs real. | = 500A and later overloadad to | = 850A.
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Figure 8.18: Sim vs real temperature rise with manually adjusted time
constant when | = 850A. Initial current is 500A

Adjusting the time constant in the overload period improves the accuracy of the cases when
the initial current is 500A as well. The time constant at the LBS when the current is 500A is
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80min. In the 500A-700A the time constant is adjusted to 73min, 56min in the 500A-800A
case and 48min in the 500A-850A case. The situation is similar to the previous three cases
(initial current at 400A), which has a decreasing optimal time constant. The time constant at
the outside wall is changed to 200min for the 500A-700A and 500A-800A cases and 220min
at the 500A-850A case. The new time constants for the outside wall are not as expected with
an increasing time constant with increasing overload current. Possible reasons are similar to
the three previous cases when initial current was 400A. The new plots show a more similar
simulation between the real data and the simulated thermal model in the overload period, and
equal maximum temperature. The parameter values in the cooling period are not adjusted.

Initial current at | = 630A:

Figure 8.19, Figure 8.20 and Figure 8.21 shows the real data vs the simulated thermal model
with manually adjusted time constant in the overload period. The initial current in all cases is
the nominal current 630A.
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Figure 8.19: Sim vs real temperature rise with manually adjusted Figure 8.20: Sim vs real temperature rise with manually
time constant when | = 700A. Initial current is 630A. adjusted time constant when | = 800A. Initial current is 630A.
Sim vs real. | = 630A and later overloaded to | = 850A.
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Figure 8.21:Sim vs real temperature rise with manually adjusted
time constant when | = 850A. Initial current is 630A.
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The time constant at the LBS is adjusted for the 630A-700A in the overload period to 64min,
in the 630A-800A case to 54min and in the 630A-850A case to 50min. The time constant
when the current is 500A is 70min. The thermal model predicts more accurate overload
period with the adjusted time constants compared to using the 500A time constant. For the
outside wall, the time constants are not adjusted in the three cases. The code was not able to
get any improvements by changing the time constant when the overload current was on,
probably due to the small temperature change. The parameter values in the cooling period are
not changed from step 1.

Manually adjusted time constant in overload period:

Table 8.4 and Table 8.5 shows the time constant in the overload period of the 9 cases, which
gives the most similar temperature rise as the real data. The time constant is adjusted
manually. The time constant at the LBS and wall when the current is 400A, 500A or 630A is
shown in Table 5.4.

Table 8.4: Manually adjusted time constant for the overload period for the LBS.

Overload | 700A 800A 850A
Initial |
400A 82min 58min 45min
500A 73min 56min 48min
630A 64min 54min 50min

Table 8.5: Manually adjusted time constant for the overload period for the wall.

Overload | 700A 800A 850A
Initial |
400A 170min 180min 190min
500A 200min 200min 220min
630A 135min 135min 135min

Figure 8.22 shows the thermal time constant vs applied current. The blue dots show the time
constant at initial currents. The orange dots show the time constant at the overload currents,
when initial current is 400A. The green dots show the time constant when 500A is the initial
current and the red dots show the time constants when 630A is the initial current. The linear
trendlines are included and the actual time constant values are displayed over the dots. Figure
8.23 shows the thermal time constant with same setup for the outside wall.
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Figure 8.22: Time constant at LBS for different currents.
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Figure 8.23: Time constant at outside wall for different currents.

The time constants for the LBS and wall do not seem to fit a similar pattern for the overload
periods. For the LBS, the time constants decreases with increasing overload current. For each
of the overload currents, the ideal time constant is different based on the initial current. For
the 700A overload current, an initial current of 400A gives the highest time constant. The
opposite is shown when the overload current is 850A. Here an initial current of 400A gives
the lowest time constant. Figure 8.22 shows that the initial current affects the time constant of
the overload current, but the patterns doesn’t correspond to each other. The time constant at
the overload current for the wall do not seem to follow a natural pattern, where the time
constant increases for higher overload currents and is fixed when the initial current is 630A.

Since the time constants are manual adjusted in the simulated thermal model in each
individual case, it is not unexpected that the model predict different ideal time constant
values in the overload cases. This can be due to the different accuracy of the other model
parameter for each case. It is logical that some error is present when trying to determine the
time constant, especially since the actual steady state temperature and slope at the 800A and
850A case is unknown. A more ideal method is to perform a real temperature rise test for the
overload current at the lab to gather the time constants. This is not possible with the
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temperature restrictions for this thesis. Instead, some adjustments and assumptions on how
the time constants changes with increasing current can be done.

Average deviation/ error:
Table 8.6 and Table 8.7 shows the average deviation between the real data and the simulated
thermal model with adjusted time constant. The calculation is available in Appendix H.

Table 8.6: Average error between the real and simulated plots for LBS.

Overload | 700A 800A 850A
Initial |
400A 1.9% 1.8% 3%
500A 1.6% 3.1% 4.5%
630A 1.3% 1% 6%

Table 8.7: Average error between the real and simulated plots for wall.

Overload | 700A 800A 850A
Initial |
400A 1.4% 2.9% 2.7%
500A 2.1% 0.8% 4.3%
630A 2% 4% 8.9%

The average deviation/ error is smaller than before the time constant was adjusted in the
overload periods. The average error for the LBS and wall is less than 10%, which is
considered acceptable for this thesis work. This indicates the importance of the time constant.
Some of this deviation is due to the cooling period, where the time constant is not changed.

8.2.3 Practical adjustment of time constants

As seen from section 8.2.2 the manually adjusted time constant in the simulation results has
less error between the real data and the simulated thermal model, compared to not changing
the time constant as seen in section 8.2.1 This indicates that changing the time constant is
important for the simulated thermal model to give more accurate predictions. The time
constants in section 8.2.2 do however does not follow a natural pattern for different initial
currents. To be able to make further simulations for several currents, it is decided to simplify
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the time constant pattern. This is mainly used to be able to create an overview where the
possible initial current and overload current can be determined based on the wanted overload
time.

The adjustment of time constant for the LBS is to linearize the changing time constant as
close to the result from Figure 8.22 with the actual measured time constant from the 400A,
500A and 630A (blue dots) and the time constant when the initial current is 630A (read dots).
This gives the new time constants as shown in Table 8.8, which is considered the best fit for
the LBS.

Table 8.8: New time constants for LBS (best fit).

400A 500A 600A 700A 800A 900A

tL8s [Min] 90 80 70 60 50 40

For the time constants at the wall, the simulation is not able to give realistic results as shown
in section 8.2.2. Since the temperature rise at the outside wall can be considered similar for
several cases and have a temperature rise around 10°C for most cases, it can be assumed the
time constant do not change significantly in the simulation. In real life and based on the
actual measurements from chapter 6, it can be observed that the slope of the temperature rise
is different for different applied currents. Based on the simulation however, it seems like the
changes is too small for the simulation to make good predictions of the time constant. To
simplify the problem, it is decided to set the time constant of the outside wall fixed at 140min
for all applied currents.

8.3 Possible overload times

The possible overload times for different applied currents are presented in

Figure 8.24. Both of the IEC limits [3] are taken into account. The first limit to be reached is
the 75K temperature increase at the LBS, which becomes the base for this chart. The figure
values on the x-axis and y-axis are presented as factors where the x-axis shows the initial
current divided on the rated current (630A). The y-axis is the overload current divided on the
rated current (630A).

The data from this chart is based on the simulated thermal model with the simplification from
section 8.2.3 where the thermal time constant is changed. By using the thermal model
simulation, the possible overload current for different overload times can be determined.
Several data points are gathered from the simulated thermal model where the initial current is
set, the overload time chosen, and the possible overload current can then be read from the
chart. The gathered data points are shown in Appendix I. Due to using the thermal model
with the new simplifications for time constant, the result in

Figure 8.24 does not correspond exactly to the real overload time from the temperature rise
tests on the lab model or the previous overload simulations from section 758.2 or 8.2.2. To
get the equations for the different curves, the data points is implemented in Excel and a
polynomial trendline is drawn between the points. The equations are used in a Python script
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which prints out the result of Figure 8.24. The Excel sheet and Python code is available in
Appendix I.

Possible overlaod time

20
15min
—— 30mmin
18 A — A5min
— 1h

15h
1a 1 Zh

14

| overloadf | rated

12

10 T T T
05 05 07 03 09 10

|_init/ | rated

Figure 8.24: Possible overload times.

Some possible overload times from the laboratory test is presented in Table 7.1. An overload
time of 2h is possible from the lab tests when the initial current is 500A and the overload
current is 700A. From the chart, an overload time of 2h when the initial current is 500A gives
a possible overload time of approximately 1.2 (750A). From the lab experiments, the system
can be overloaded for 1h in the 400A-800A case and the 630A-700A case. An initial current
of 400A and an overload of 1h gives about 1.5 (950A) based on Figure 8.24. If the initial
current is 630A and a 1h overload is wanted, the possible overload time is about 1.15 (725A)
based on the chart. A 30min overload is possible from the lab experiments when the initial
current was 500A and the overload current was 850A. From Figure 8.24, an initial current of
500A and an overload time of 30min corresponds to approximately 1.5 (950A). An overload
time of 15min is possible based on the lab experiments in the 630A-800A case. 15min
overload time when the initial current is 630A gives 1.4 (880A) from the chart.

From the comparison, the chart in Figure 8.24 allows for a higher overload current than the
result from the lab experiments. The chart allows for an overload current up to 150A higher
than the measurements from than lab (in the 400A-800A case). For the other compared cases,
the allowed overload current is estimated to be between 25A and 100A higher than what is
observed from the lab measurements. This is due to the deviation between the thermal model
simulations and the actual real temperature rise of the system from the lab experiments. For
the development of the chart, the time constant was adjusted from the optimal time constants
in each case to be able to develop the plots. This increases the deviation between the real and
simulated temperature rise, which leads to the deviation occurring in the chart from the actual
tests result on the real system. This makes the chart risky to use since it indicates a higher
allowed overload current, then what the result from the laboratory tests does. The chart is self
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is accurate to the thermal model with the simplified time constant pattern, and predicts the
temperature rise accordingly.
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9 Discussion

The discussion chapter includes the laboratory setup with placement of the sensors, the
temperature rise tests and the resistance test. Further the thermal model and parameter values
are discussed, before the results of the simulation of the real temperature rise vs the simulated
thermal model.

9.1 Laboratory setup

Switchgear system:

The switchgear is an MV metal enclosed switchgear located at the high current lab at USN
campus Porsgrunn. The top/back plate of the switchgear is removable. The switchgear has
three cable modules, one vacuum switch breaker and is a 4-way unit. The switchgear is not a
homogeneous or symmetric device, which makes it more difficult to analyze compared to a
symmetric device like a cable. This result in some simplifications for the development of the
thermal mode, which increases the possibility for inaccuracies in determining the heat
transfer in the system. The switchgear is designed to be filled with SFs gas, but is filled with
air instead. This can affect the temperature increase. Based on published papers [46], the
temperature increase is lower when air is used instead of SF6 gas within a switchgear
enclosure. This result in the pressure being equal ambient pressure. The changes on the
switchgear can be assumed to change the temperature rise of the switchgear compared to the
standard device.

The current path within the enclosure consists of three phases where each phase have one
busbar, two LBS and ten bolted connections. Each LBS includes an open/close contact and a
rotating contact. The highest temperature compared to the IEC temperature limits are usually
on the LBS. [5] [21] The IEC limits are certificated for 40°C room temperature. [3] In the lab
at USN, the room temperature was around 20°C, which leads to a larger cooling factor from
the surroundings compared to a 40°C room temperature. For system overloading with a
higher applied current than nominal current, the lower room temperature can affect the
temperature rise and result in the possibility to overload the system longer or to a higher
temperature without damaging the devices. This is utilized in the thesis to allow for a higher
temperature rise than IEC, but this might not be possible in other surroundings.

When overloading the switchgear system, not only the switchgear must be included in the
analysis. The connected devices like cables and transformers must be able to withstand the
present overload. This can decrease the possible overload time for the extended system view.
The surroundings (not only room temperature but surrounding devices or equipment) should
as well be included in the analysis. For the connected devices, it is possible to find the time
constants (as done for the switchgear) to determine the temperature rise. The transformer
usually have a larger time constant due to the larger mass. From [2], the time constant for
XLPE cables was found to be 40min in flat formation and around 60min in trefoil formation
which can be a limiting factor.
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Thermocouples, sensors:

Temperature rise tests with and without overloading and a resistance test was executed. 20
thermocouple sensors was used for the temperature measurements. The sensors accuracy is
1.5°C [42] For this thesis, the uncertainty is acceptable. The sensors were placed on the inside
and outside of the switchgear to measure temperatures of the devices, surface areas and air.
Due to the large surface areas of the device, the possibility of not measuring at ideal location
is high. The temperature might not be homogenously distributed throughout the surface area,
leading to small temperature variation of the surface. In this thesis work, only one measuring
point it used for each surface area. The chosen location might not be the most representing
measuring point. This can increase the inaccuracy of the ideal temperature measurements for
a location.

If the sensor’s measuring point is not placed directly on the surface, the sensor might measure
the air temperature instead of the surface temperature. Since the thermocouples are taped to
the enclosure walls and devices, it is possible some unwanted movements can change the
sensor’s locations and measure the air instead of the surface. This was not detected in this
thesis work. Unwanted movements of the sensors can also happen within one test or between
different tests. This can lead to some inaccuracy, but none large deviation at any of the sensor
values was detected, exception one time when the laboratory door was opened (Figure 7.8).

9.2 Lab tests

Temperature rise test:

The applied current falls during the temperature rise test due to increasing resistance. This
was monitored and adjusted during the experiments, but results in a more approximately
analysis of the test results (only one decimal in the values). Since all three phases must be
adjusted separately, the applied current was not always exactly equal between the three
phases, which also leads to some inaccuracy.

Steady state was declared after manually calculating when the temperature deviation between
one hour was less than 1°C. How quickly it was observed that steady state had occurred can
have been different between the tests. This can lead to some misinformation in the plots, but
is not affecting any of the calculated parameters or results in other way. The different
measurement points within one test might reach steady state at different times as well. This
can result in the temperature at one sensor location already has reached steady state, while
waiting for other sensors to measure steady state.

Only one test was executed each day, which results in a small deviation in initial temperature
between the tests. The room (and initial) temperature differs between 18-21°C. This can
affect the thermal model’s prediction of the temperature rise in each case by increasing the
inaccuracy between the different cases. Based on the thermal model, this is not the main
reason for the deviation of the simulated temperature rise vs the real lab measurements.
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Resistance test:

The resistance test performed for determining the resistance as a function of temperature was
executed based on utilizing the decreasing temperature and measuring the voltage drop over
the LBS and phase L1. The voltage drop was measured when the actual temperature at the
LBS matched the steady state temperature (at the LBS) for different applied currents (Table
4.2). A possible source of inaccuracy here is the problem of being able to measure the voltage
drop at the exactly right temperature. The first challenge is the time it takes to observe the
decreasing temperature and execute the measurements. The temperature decreased quicker
when it was higher, which increases the possibility of the temperature not being exactly at
steady state when the measurements was done. Another source of inaccuracy is the voltage
drop measurements. The voltage drop values measured by the multimeter fluctuated to a
degree (less than 1mV). The fluctuation was higher, the warmer the system was.

9.3 Thermal model and parameter values

Thermal model:

The thermal model is developed as a simplified model. Compared to other possible solutions,
like creating a 3D model where all detail of the switchgear is included and drawn, this
developed model has more simplifications and might be less accurate. Some of the
simplifications are the exclusion of some devices inside the enclosure, a symmetric and
homogenic device, other possible heat or cooling sources and specify direction of heat flow.

The thermal model is based on the general energy balance. The energy balance assumes a
lumped system. In real life the switchgear is not a lumped system where only the input and
output nodes represent the system. This simplifies the description of the system and excludes
information like internal movements in the volume/system. The general thermal model itself
(before any values are defined) is flexible and can be used on most switchgear systems.

The thermal model shows the temperature rise of one LBS and on one of the outside surface
walls. The warmest point on the current path (and the system) was found to be one of the
LBS on current path L1, but only the LBS on current path L1 and L2 was measured. To be
able to get values from every aspect of the system for more accurate temperature overview,
more sensors would have needed to be used. As described in [1], a temperature rise test on a
MYV switchgear with 134 sensors was executed. Instead for this thesis, the phases and the
temperature change were assumed similar for several devices and on larger surface areas.
This is based on the focus on this thesis, which is to estimate the temperature rise on the
warmest location in the switchgear enclosure. A challenge is determining the location of the
wall subsystem. In real life the heat transfers through all walls, the roof and the bottom of the
enclosure flows at different rates, due to factors like the wall thickness and that warm air rises
over colder air. When creating a thermal model to describe the heat transfer, it was chosen to
use one of the side walls. But if any of the other walls was to be used instead, most of the
parameter values must have been adjusted based on the result from 5.3.2. Only describing the
heat transfer through the enclosure at one location, can lead to the misunderstanding that the
heat transfer trough the enclosure walls, top and bottom are similar in all locations. It also
disclude describing the actual heat transfer through these neglected walls, which can be
necessary to know on a real system.
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Resistance:

The resistance changes with temperature. In this thesis, the theoretical equation (Equation
(2.4) ) for resistance change was used to predict the resistance at warmer temperatures. This
was compared to the calculated resistance from the measured voltage drop on the lab model.
The comparison resulted in a deviation up to 24u<Q between the two methods. The solution
was to adjust the theoretical equation to fit the measured values. This effects how the
temperature rise of the system progresses in parameter calculations for the thermal model.
This resulted in an equation which corresponds to the actual measured resistance. However, it
is always possible with errors in the measurements, which would have changed the resistance
increase and effect the temperature rise simulations. Since the resistance change is designed
based on actual measurements, the equation is fixed to this system and must be adjusted for
other systems.

Time constant and heat transfer coefficient:

The heat transfer coefficients and time constants of the LBS and wall was determined for
each initial current (I = 400A, | = 500A and | = 630A). The time constants decreased for
higher applied current and was between 90min and 70min at the LBS and 135min and
150min at the wall (Table 5.4). These values are retrieved from the steady state lab results
and directly reflects the time it takes the temperature to reach 63.2% of the temperature
increase to steady state. The values can therefore be considered accurate in the simulation
when the associated currents are applied. The heat transfer coefficients are calculated based
on the resistance, applied current, surface area and temperature deviation. Some inaccuracy
can be present in these parameter values (like resistance measurements and surface area), but
small enough to be neglected. The heat transfer coefficient for the steady state cases was
between 10.6 W/m?K and 13.2 W/m?K for the LBS and between 12.6 W/m?K and 15.4
W/m?2K at the wall. The heat transfer coefficient at the LBS is given to be within 10-17
W/m?K in [33] when emission is closer to 0 than 1 (black body). This corresponds to the
calculated values in this thesis where the heat transfer coefficient is 13.2 W/m?K when
nominal current is applied. The heat transfer coefficient at the wall is higher than expected.
The values are higher than at the LBS for equal applied currents, but it seems more natural
that the heat transfer is easier from the LBS to the surrounding air, than from the enclosure air
to the outside surface wall. A higher heat transfer coefficient (for same applied current)
indicates an “easier” heat transfer. [51]. A possible reason the heat transfer coefficients at the
wall is higher than expected can be due to some error in the calculations or parameter values
like cooling, emission or effective surface area. No reference values was found in published
papers for comparison on a similar side wall.

Flexibility and use of the thermal model:

The thermal model parameters are determined specifically for this switchgear and for the
chosen subsystems. This makes the developed thermal model and model parameters less
flexible for other systems and might not give accurate results. The model also depends on
values and parameters which (in this thesis) only is found by executing lab tests. It is
therefore not possible to determine the model parameters with accuracy for a switchgear
without doing some experiments. Even the formula for the resistance had to be adjusted to

93



9 Discussion

this specific switchgear to get values fitted the system. However, if another switchgear
system is wanted to be overloaded, the simplified thermal model can be adjusted to fit the
system. The methods for lab experiments and calculations can be used to develop the thermal
model to describe the temperature rise of another system.

Having simulations of the temperature rise of the switchgear is useful. The predictions will
give an indication of the possible overload current and time for the system and can simulate
final temperature/ temperature rise of the device. If an overload is needed for a short term, the
model can predict if the system will be within the temperature limits or exceeds it. The
amount of possible damage can then be considered whether the overload is worth it or not.
The model can also be used to save time by not needing to perform hour long temperature
rise test for each wanted overload situation.

9.4 Simulated thermal model vs. real temperature rise

Steady state simulation:

The accuracy of the calculated parameter values in this thesis is challenging to analyze
without comparing it to the actual process. This is done when the simulation of the thermal
model is plotted next to the real lab measurements. As seen from the real vs. simulated
temperature rise of the different cases (Figure 8.1, Figure 8.2 and Figure 8.3), the thermal
model gives similar plots as the real data in the steady state cases (no overload). There is still
some deviation in the increase period, which indicates that the thermal models input
parameter is not optimized to fit the data set at every time step. The initial and final
temperatures is however equal in all steady state cases and the calculated average deviation is
less than 10% (Table 8.1).

Simulation with overload:

Further, the thermal model was tested with overload cases to verify the results. First the
model parameters found for the initial currents (1=400A, I1=500A and 1=630A) was used in
the overload phases (no adjustment except changing the applied current. See section 8.2.1).
This resulted in a less accurate temperature rise prediction in the overload period compared to
the real data. The thermal model predicts a lower temperature in the overload period than the
real system actually measured. If this model was used as a method to determine how long an
overload could be (worst case scenario), the real system would have a steeper temperature
rise to a higher final temperature than what the simulated model predicts. This could end up
overheating and damaging the system. It was assumed the time constant was unideal in this
solution and some adjustment was needed in the overload period. The inaccurate predication
is most likely due to the thermal model being designed based on the steady state situations (I
= 400A, 500A or 630A). Other possibilities are in the design and development of the thermal
model parameters as described in the previous subchapter (9.3). This is unlikely since the
model works well in the steady state cases.

Based on the overload simulations with no adjustments (except changing the current for the
overload period), it was observed that the thermal time constant was not optimal for the
overload periods. The most ideal solution would have been to preform temperature rise test
until steady state at 700A, 800A and 850A. This is not possible due to the temperature limits

94



9 Discussion

of the LBS. Another possibility is to develop a program to analyze and adjust specific
parameters to optimize the temperature rise within given borders. Due to lack of time and the
scope of this thesis a less complicated method was chosen. The time constant in the overload
periods was manually adjusted until the temperature rise of the thermal model was as
accurate to the real data as possible.

For the LBS and wall, the lower error between the real and simulated data with the new time
constants (Table 8.6 and Table 8.7 compared to Table 8.2 and Table 8.3) indicates that the
optimalization was needed and more accurate for the model. The time constants at the LBS
followed the natural pattern with decreasing time constant for increasing overload current,
but the effect of the different initial currents was not as expected as observed by the
trendlines in Figure 8.22. This is most likely due to a combination of gathered the time
constants only based on what’s most ideal in each case and only adjusting the time constant
parameter in the simulation. The time constant in the overload periods at the wall did also not
follow the expected pattern (as shown in Figure 8.23). A possibility is the temperature rise is
too small for the model to present the temperature increase well. Resulting in the time
constant not being as expected, or not change in the case when initial current was 630A. Even
with these challenges, the thermal model with adjusted time constant resulted in an average
error less than 10% (Table 8.6 and Table 8.7). This indicates that the thermal model needs
some adjustments in the overload phases to perform accurate simulations.

Possible overload time chart:

Figure 8.24 shows the possible overload times for different currents based on the simplified
thermal model with the adjusted time constant pattern from section 868.2.3. The possible
overload times corresponds to the result from the simulated adjusted thermal model and not
the real laboratory test shown in section 7.4. Compared to the actual possible overload time
from the lab measurements, the solution presented in section 8.3 gives not the same results.
The chart allows for a higher overload current (up to 150A higher), than what is gathered
from the lab experiments. This makes the chart risky to use for real systems since it in worst
case scenario can seem like the system can handle a higher overload current compared to
what was gathered from the measurements on the real system. This can lead to overheating
and damage of the system. To be able to determine and create an overview of the actual
possible overload times for different initial and overload currents it is needed to have more
data, either from real laboratory tests or from a model where the slope of the overload current
until steady state is known for all currents. However, the chart corresponds correctly to the
developed thermal model simulations with the simplified time constant pattern (from section
868.2.3).
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10 Conclusion and future work

This chapter includes the conclusion of the thesis and possible suggestion for future work.

10.1 Conclusion

The physical tests were executed at the high current lab at USN campus Porsgrunn on a MV
metal enclosed switchgear. The temperature rise test was performed until steady state for the
three initial current cases 400A, 500A and 630A. Further, overloaded tests were performed
where the system was run until steady state with one of the three initial currents, before being
overloaded with 700A, 800A or 850A. The longest overload possible is 3h when the initial
current is 400A and later changed to 700A. The shortest overload time of the test cases is
10min when the initial current is 630A and changed to 850A.

Based on the gathered data, a thermal model was developed. The thermal time constant for
the steady state cases was between 70min and 90min for the LBS subsystem and between
135min and 150min for the wall subsystem. The heat transfer coefficient for the steady state
cases was determined to between 10.6 W/m?K and 13.2 W/m?K for the LBS, and between
12.6 W/m?K and 15.4 W/m?K at the wall subsystem.

The thermal model was implemented in Python 3.7 and simulates the predicted temperature

rise at the LBS and outside wall. The real data from the temperature rise tests were exported
to Python and plotted next to the predictions from the simulated thermal model. The average
error between the real data and the simulated model when the system was run to steady state
(no overload) was less than 10%.

For verification of the thermal model, 9 overload cases were simulated. The predicted
temperature rise in each case (based on the thermal model) was plotted vs the real measured
temperature rise. With no adjustments in the thermal model, the highest deviation was 21.5%
at the wall. In these cases, the simulation of the thermal model predicts a lower maximum
temperature than what the real temperature rise was in all cases. The next step was to
manually adjust the time constant in the overload period for each case to reduce the deviation.
This led to a deviation less than 10% in all cases.

A chart was developed to describe the possible overload current based on initial current and
overload time. The chart is based on the thermal model with some simplifications. However,
compared to the real lab measurements the chart overestimates the allowed currents with up
to 150A.

Based on the thesis work, the thermal model is able to predict the temperature rise of the
subsystems with some deviation. The thermal model is only designed for the specific MV
switchgear at the lab. The method, lab work and procedures can be used on other similar
systems, but the measurements and calculation of parameter values must be redone for the
new switchgear. This includes dimensions of the switchgear and devices, resistances, heat
transfer coefficients, thermal time constants, initial, final and room temperatures.
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10.2 Future work

The first suggestion for future work regards the development of the thermal model. In this
thesis, a simplified model was developed and implemented in Python 3.7. As described in
section 2.6, a more detailed model is possible to create by using any of the mentioned
software. This will result in a more detailed thermal model either for validation of the
simplified model or for more detailed visual heat transfer process of the MV switchgear
system.

The second possibility of future work is simulation and execution of temperature rise tests
with more than one overload period in one test run. In a real system, it might be wanted for
the switchgear to be able to be overloaded more than one time during one test run. As
described in section 1.1, the switchgear does not necessary only run at rated current all the
time. Creating simulations based on the thermal model and executing test runs when the
current is adjusted several times (maybe following a normal switchgear operation) can be a
possibility. This can be used to validate and optimize the thermal model and hopefully make
the thermal model more useful in daily life or for normal operation.

It is also possible to analyze the cooling period for the system to be able to determine and
predict the needed resting time for the system between several overload periods. This can be
analyzed on the real lab model and included in the Python scripts. Further, this can be used to
develop overview charts of possible loading scenarios.

In this thesis, the focus was on developing the thermal model, determining the parameter
values and gathering needed theory to create the model. A possibility of future work on this
model can be to optimize and analyze in more detail the input parameters. Especially the heat
transfer coefficient or heat conductivity (heat transfer coefficient times area), heat capacity,
thermal time constant and the resistance.

Since the thermal model is created based on one MV switchgear, the model is not designed
for other systems. Future work can be to redo the procedures and adjust the input parameters
to analyze how this solution work on other switchgear systems. It is also possible to analyze
how the implementation and use of the thermal model needs to be adjusted for different
switchgear systems and go deeper into surrounding factors outside the definition of the
switchgear system. One example is the effect of room temperature regarding cooling.
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Appendix A

FMHG606 Master's Thesis

itle: Thermal overloading of MV metal enclosed switchgear

USN supervisor: Elin FieF;:i

External partner: ABB

Task background:

Electrification plays an important part in reducing the greenhouse gas emissions. Fast charging
of high capacity batteries might represent an intermittent, high power demand on the
electrical supply equipment. Depending on the time constant of the equipment, it might be
able to handle a short time overload, without exceeding the temperature limits.

The MV switchgear located in the distribution transformer substations, is one example of
equipment where one must make sure that the temperature rise does not exceeds limits set
by the IEC, but where one might be able to utilize the time constant for a short time overload.

Task description:
The student should

* Perform a literature study on temporary overloading of metal enclosed switchgear.

e Perform temperature rise tests in the high current laboratory to determine heat
transfer coefficients, time constants etc.

» Use the tests to make an initial, simplified thermal model of the switchgear that can
be used to predict the allowable duration of a certain overload.

Student catepory: EPE

Is the task suitable for online students (not present at the campus)? No

Practical arrangements:
A 4-way air insulated switchgear unit is available at the USN lab for testing.

Supervision:

As a general rule, the student Is entitled to 15-20 hours of supervision. This includes necessary
time for the supervisor to prepare for supervision meetings (reading material to be discussed,
etc).

Signatures:

Supervisor (date and signature): / A7 { [m(/p

Student (write clearly in all capitalized letters): Cﬁﬁff—fﬂ DORTEA GLOSMYR

Student (date and signature): 5}/; ~A2 é&;&f ;‘ﬁ 657@,3&«/
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Appendix B

Surface area calculations of switchgear enclosure

The table below shows the dimensions measured for the switchgear enclosure.

Dimension Measurement [m]
Width w 0.52
Length | 1.28
Switchgear height Hsw 0.85

The switchgear enclosure is the upper part of the entire enclosure where the current path is
located. The lower part, which is empty for this specific switchgear, is not included as
described in section 3.1.1. The calculated surface area is used in the thermal model. The
calculation is shown below.

Asurf,sw = 2 [(Lsw * W) + (Lsw * Hgy) + (Hgyy * Wey,)]
Asyrgsw = 2[(1.28 % 0.52) + (1.28 % 0.85) + (0.85 * 0.52)] = 4.39m?

The surface area of the switchgear enclosure is approximately 4.39m?.
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Surface area calculations of LBS

The dimensions measured for one LBS are given in the table below.

Dimension Measurement [m]
Width middle part wm 0.005
Length middle part Im 0.04
Height middle part Hm 0.13

Width upper and lower part wya 0.0024
Length upper and lower part lysi 0.027
Height upper and lower part Hmai 0.018

The surface area of the LBS is calculated by dividing the device into three different pieces
based on its shape. The upper/lower part and the middle part. The surface area is calculated
for each of the pieces and added together to get the total surface area. The surface area for
both the middle and upper/lower part can then be calculated with use of the surface area
equation for a rectangle, excluding the overlapping areas where the pieces connect (one of the
[ »w). The calculations are shown below.

Surface area LBS middle part:

AsurfLesm = (Luasm * Wissm) + 2(Lupsm * Hipsm) + 2(Hipsm * Wipsm)

Asuriesm = (0.04 % 0.005) + 2(0.04 * 0.13) + 2(0.13 * 0.005) = 0.0119m?

Surface area LBS upper and lower part:

Asurf LBsugl = (Lpsuss * Wissust) + 2(Lpsust * Hupsust) + 2(Hipsugt * Wissus)]
Asuripsuas = (0.027 % 0.024) + 2(0.027 + 0.018) + 2(0.018 * 0.024) = 0.0031m?

Total surface area of one LBS:
Asurf,LBS = Asurf,LBS,m + Asurf,LBS,u&l

Asurpips = 0.0119 + 0.0031 ~ 0.015m?

The surface area of one LBS is approximately 0.015m?.
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Surface area calculations of busbar

Measured dimensions are shown below.

Dimension Measurement [m]
Width middle part Wousbar 0.037
Length middle part lpusbar 0.165
Height middle part Housbar 0.005

Surface area of busbar:

Asurf busbar = 2(lpusbar * Whusbar) T 2Upusbar * Hpusvar) + 2(Hpusbar * Whusbar)

Asurf puspar = 2(0.165 % 0.037) + 2(0.165 * 0.005) + 2(0.005 * 0.037) = 0.01423m?

Surface area of the busbar is approximately 0.015m?2.
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Surface area calculations of current path

Table below shows the dimensions measured for the current path. The radius is similar for
all phases L1, L2 and L3.

Dimension Measurement [m]
Radius 0.01
Height phase L1 Hi1 (one leg) 0.82
Height phase L2 Hiz (one leg) 0.77
Height phase L3 His (one leg) 0.79

To calculate the surface area for the total current path, the surface area of each of the three
phases is first calculated individual. Each phase is divided into two legs (cylinder shaped), 2
LBS and one busbar for the calculations. Only the length of the legs varies between the
phases as shown in the table above. Within one phase the length of the legs is equal.
The surface area of one leg is calculated as:
Asurfeplegs = 2mr? + 2nrH
For phase L1:
Asyrfepra = 2mr? 4+ 2mrHy,
Asurfepiiiieg = 2m(0.01)? + 27 % 0.01 * 0.82 = 0.052m?
For phase L2:
Asurfeprz = 2mr? 4+ 2mrH
Asurfepaiieg = 2m(0.01)2 + 27 % 0.01 * 0.77 = 0.049m?
For phase L3:

Asurf,cp L3 = 27‘[7’2 + 2T[THL3

Asurf.ep 131 teg = 2m(0.01)% + 21  0.01 * 0.79 = 0.050m?

The surface area of one phase is:

Asurf,ch = Z(Asurf,cp L1 leg) + Z(Asurf,LBS) + Asurf,busbar
Where:
ASqu,LBS = 0015m2

Asurf,busbar = 0.11m?
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For phase L1:

Asurf.epr = 2(0.052m?) + 2(0.015m?) + 0.11m? = 0.244m?

For phase L2:
Asyrfepr = 2(0.049m?) + 2(0.015m?) 4 0.11m? = 0.238m?

For phase L3:
Asurfepr = 2(0.050m?) + 2(0.015m?) + 0.11m? = 0.24m?

The total surface area of the current path (all phases) is:

Asurf,cp total — Asurf,cp,Ll + Asurf,cp,LZ + Asurf,cp,L3
Asurf.ep torar = 0.244m? + 0.238m? + 0.24m? = 0.72m?

The total surface area of the total current path is approximately 0.72m?.
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Effective surface area of switchgear enclosure

Appendix C

The effective surface area of the switchgear is calculated by the Python script below.

= ~
I mn
(oo N
Ul N

8
45
2

=

A_back = (1*h)
A_top = (1*w)
A_front = (1*h)
A_side = (w*h)
A_bottom = (1*w)

A_back_IEC = (1*h)*0.5
A_top IEC = (l*w)*1.4

A_front_IEC = (1*h)*0.9
A_side IEC = (w*h)*0.5
A_bottom_IEC = (1*w)*0

Sum_A_actual = A_back + A_top + A_front + A_side +A_side + A_top

Sum_A_TIEC = A_back_IEC + A_top_IEC + A_front_IEC + A_side_IEC + A_side_IEC + A_top_IEC

print ('Actual surface area back/ front wall:',"%.2f" % A_front, 'm2')
print ('Actual surface area top/bottom wall:',"%.2f" % A_top, 'm2')

print ('Actual surface area side wall:'," %.2f" % A_side, 'm2')

print ('Actual surface area'," %.2f" % Sum_A_actual, 'm2')

pr:i.n‘t (uu)

print ('Effective surface area back/ front wall:'," %.2f" %A_front_IEC, 'm2')
print ('Effective surface area top/bottom wall:', " %.2f" %A_top_IEC, 'm2')
print ('Effective surface area side wall:'," %.2f" % A_side_IEC, 'm2')

print ('Effective surface area'," %.2f" % Sum_A_IEC,'m2"')

The script prints:

Actual surface area back/ front wall: 1.08 m2
Actual surface area top/bottom wall: 0.67 m2
Actual surface area side wall: 0.44 m2
Actual surface area 4.37 m2

Effective surface area back/ front wall: 0.97 m2
Effective surface area top/bottom wall: 0.93 m2
Effective surface area side wall: 0.22 m2
Effective surface area 3.82 m2

110



Appendix D

Sensor overview

Sensor overview for thermocouples located on the current path inside the switchgear

enclosure, the surrounding air and one on the outside surface walls.

Appendix D

Sensor nr.

(Logging) Description Phase Module
301 Busbar bolted connection Ag/Cu L1 C2
103 Open/close contact Ag/Ag L1 C2
302 Rotating contact Ag/Ag L1 C2
102 Lower LBS bolted connection Cu/Ag L1 C2
107 Bushing bolted connection Cu/Cu L1 C2
303 Busbar bolted connection Ag/Cu L1 C3
111 Open/close contact Ag/Ag (left side) L1 C3
116 Rotating contact Cu/Ag - left L1 C3
114 Lower LBS bolted connection Cu/Ag L1 C3
112 Bushing bolted connection Cu/Cu L1 C3
108 Rotating contact Ag/Ag L2 C2

304 /303 Open/close contact Ag/Ag L2 C2
309 Room temperature - -
115 Air near top - -
104 Air midt height

(LBS height) - -
305 Air right wall - -
306 Air left wall - -
307 Air lower - -
308 Air middle - -
310 Outside wall, right side - -
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Side 1

Top

Appendix D

The sensor overview for location of thermocouple for measuring the temperature at all
outside surface walls is shown in the following figures and table.

Top

Front Back
= e > “ side2 Side 2
S(i:)‘;::nr;;. Description Phase Module
101 Top - -
102 Side wall left - -
103 Side wall right - -
104 Bottom - -
107 Front - -
108 Back - -
109 LBS L1 C2
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Appendix E

Heat transfer calculation

Heat transfer calculations for applied current at 400A, 500A and 630A is shown in the

Appendix E

following scripts. The temperatures are gathered from real measurements, the surface areas

are measured and calculated in previous appendix and the resistance are determined in

section 4.3.
Heat transfer coefficient when |1 = 400A:

T_max_LBS = 48.4
T_max_wall = 21.8
T_room = 19.5

A surf_wall = 3.82

A _surf_LBS = 0.015
R_cp = 3*(231*10**-6)
R_LBS = (28.7*10**-6)
I =400

delta_T_LBS = T_max_LBS - T_room
delta T _wall = T _max_wall - T room
P_in_cp = R_cp*(I)**2

P_in_LBS = R_LBS*(I)**2

h_LBS = P_in_LBS / (A_surf_LBS*delta_T_LBS)
h_wall = P_in_cp/(A_surf_wall*delta_T wall)

print ("h (LBS): ",h_LBS)
print ("h (outside wall): ",h_wall)
The script prints:

h (LBS): 10.59284890426759
h (outside wall): 12.62007739585704
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Heat transfer coefficient when 1 = 500A:

T_max_LBS = 63.3
T max wall = 24
T_room = 20.4
A surf_wall = 3.82
A_surf_LBS = 0.015
R_cp = 3*%(245*10%*-6)
R_LBS = (29.2*10%*-6)
I =500

delta_T_LBS = T_max_LBS - T_room
delta_T _wall = T_max_wall - T_room
P in wall = R cp*(I)**2

P_in_LBS = R_LBS*(I)**2

h_LBS = P_in_LBS / (A _surf_LBS*delta T_LBS)
h_wall = P_in_wall/(A_surf_wall*delta_T_wall)

print ("h (LBS): ",h_LBS)
print ("h (outside wall): ",h_wall)
The script prints:

h (LBS): 11.344211344211345
h (outside wall): 13.361692844677133

Heat transfer coefficient when | = 630A (nominal current):

T max LBS = 86.7
T_max_wall = 26.3
T_room = 20.4

A wall = 3.82
A_surf_LBS = 0.015
R_cp = 3*(265%10%*-6)
R_LBS = (30.6*%10**-6)
I =630

delta_T_LBS = T_max_LBS - T_room
delta T wall = T _max wall - T_room
P_in_wall = R_cp*(I)**2

P_in_LBS = R_LBS*(I)**2

h_LBS = P_in_LBS / (A_surf_LBS*delta_T_LBS)
h_wall = P_in_wall/(A_wall*delta_T wall)

print ("h (LBS): ",h_LBS)
print ("h (outside wall): ",h_wall)

The script prints:

h (LBS): 13.16215384615384
h (outside wall): 15.363189280326555

Appendix E
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Appendix F

Time constant when | = 400A

The time constant when | = 400A is calculated below for the LBS and the outside surface

wall. The method is described in section 5.3.3.

For current path / LBS:

Appendix F

T, .55 = ((48.4°C — 19.8°C) * 63.2%) + 19.8°C = 38.9°C ~ 39°C

For surface wall:

Tewan = ((26.3°C — 19.8°C) * 63.2%) + 19.8°C = 23.9°C ~ 24°C

The time constant can visually be found at these temperatures. The time constants for the

LBS and outside surface wall are shown respectively in the following figures. The results of
the time constant calculations are shown in the table below.

Time constant, LBS at | = 400A
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[«}]
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2L 10 :
0 i
O wWw o Mmoo wWwo w;nmowo wmwo wmo wmwowo wmowmwow
eodngeedngednged g nd QA0 Qo
O O 0O 0 o oA A N NN NN S S S S 0NN W WwW WD
O 0O 0O 0000000000000 0000000 o o o
Time
Time constant, wall at | = 400A
30
o
@
g !
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S .
o :
£ 15 i e \\/ 2l |
@ 1
= :
10 !
QO N o WwWwo wWwmwo wWwo wmowo wowouwowouwo wmwo uwum
o A MmO d s O d MmO A O dm s O A mst O o
S O 6 6 o o AN ANANNOOM® MS S S S NN NSO
O 0O o000 0O 0000000000000 oo oo o
Time
LBS Outside wall
Temperature at time constant ['C] 39 24
Time constant [min] 90 150
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Appendix F
Time constant when | = 500A

The time constant when | = 500A is calculated by the method described in section 5.3.3 for
the LBS and the outside surface wall.
For LBS:
T, 1ps = ((63.3°C—20.9°C) * 63.2%) + 20.9°C = 47.7°C ~ 48°C
For surface wall:
Ty wan = ((24.7°C — 20.9°C) = 63.2%) + 20.9°C = 23.3°C ~ 23°C

The figures below show the plots for the temperature rise for the LBS and outside wall. The
time constant can be found at 63.2% of the temperature increase, which is at the calculated
temperatures above. The found time constants are shown in the following table.

Time constant, LBS at | =500A

70

LBS

Temperature [°C]

10

o w o w
S - M o=
o o o O
S o o o

01:15
01:30
01:45
02:00
02:15
02:30
02:45
= 03:00
03:15
03:30
03:45
04:00
04:15
04:30
04:45
05:00
05:15
05:30
05:45
06:00
06:15

3
™

Time constant, wall at | = 500A

15 | — \Nall

Temperature [*C]
N
[«

02:15 ______

=
o

00:00
00:15
00:30
00:45
01:00
01:15
01:30
02:30
02:45
03:30
03:45
04:00
04:15
04:30
04:45
05:00
05:15
05:30
05:45
06:00
06:15

01:45
02:00

Time
LBS Outside wall
Temperature at time constant ['C] 48 23
Time constant [min] 80 140
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Appendix G

Appendix G

Real vs. simulated temperature rise

Temperature rise of the real data and simulated thermal model is plotted for the different
applied currents (400A, 500A and 630A) until steady state. The temperature at the LBS and
outside wall is plotted.

Temperature rise with 1 = 400A until steady state:

import numpy as np
import matplotlib.pyplot as plt

I =400

h LBS = 10.5

h_wall = 12.6

alpha LBS = 0.0021
alpha_wall = 0.00305
R_factor LBS = -0.9%10**.5
R_factor_wall = -11*10%*-6

tau LBS = o0
tau_wall = 150
x LBS = 2.1

¥ wall = 0.8
A LBS = 0.015

A wall = 0.22
A surf = 0.725
hA_LBS = h_LBS*A surf

hA wall = h_wall*A surf
C_LBS = tau_LBS*A_surf*h_LBS
C wall = tau_wall*A surf*h wall

0.0; b = 400
382

50

= ((b-a)/N)
1 = dt/330

d
d
N
dt
dt

time = np.linspace(a,b,N+1)
time_real = np.linspace(a,d,d-1)

T LBS = np.zeros(N+1)
T real LBS = np.zeros(b)
R LBS = np.zerosi(N+1)

P_LBS = np.zeros(N+1)

T wall = np.zeros(N+1)
T real_wall = np.zeros(b)
R wall = np.zeros(N+1)
P wall = np.zeros(N+1)

for n in range(N):

T 0 LBS = 22.273
T_LBS[B] = T_0_LBS
T max_LBS = 38.43

R_cold_LBS = 28. 1*10%*-6
R_LBSIO] R_cold_LBS
R_LBS[n] (R_cold_LBS*{1+(alpha_LBS*(T_LBS[n-1]-T_0 LBS)))}+R_factor_LBS
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Appendix G

P_LBSIn]
T_LBSIn]

R_LBS[Nn]*I*I
(T_LBSINn-11+(dt_1/C_LBS)*P_LBSIn]-hA LBS*(T_LBSIn-11-T_LBS[01))+x_LBS

T 0 wall = 18.87
T_wallle]l = T_@_wall
T _max_wall = 26.33

R_cold wall = 229.2%10%*-6

R wall[@] = R _cold wall

R_wallln] = (R_cold wall*({1+(alpha_wall*(T_wallln-1]-T_0 wall))))+R_factor_wall

P wallln] = R wallln]l*I*I

T wallln] = (T_wallln-1]1+(dt_1/C wall)*P_wallln]l-hA wall*(T_wallln-1]1-T_walllol))+:

import pandas as pd
T real LBS = pd.read_excel (r'C:\Usersyceglo\Documents\1l Spring 2022\ Tests\LBS_ Python\:
T real_wall = pd.read_excel (r'C:\Users\ceglo\Documents\1l Spring 2022\Tests\Wall_Pythor

T real data LBS = pd.read excel (r'C:\Users\ceglo\Documentsiyl Spring 2022\ Tests\LBS Pyl
T real_prep_LBS = T_real_data_LBS.values
T real_1dim LBS =T real prep LBS[:, 0]

T real data wall = pd.read excel (r'C:\Users\ceglo\Documents\l Spring 2022\ Tests\Wall F
T real prep wall = T_real_data_wall.values
T real_ldim wall =T_real_prep_walll:,0]

def calc_average_error(temp_sim, temp_real_ldim):
mean_sim = np.mean(np.abs(temp_sim))
mean_real = np.mean(np.abs(temp_real 1dim})
mean_error = np.abs(mean_real-mean_sim)
return mean_error

av_error_LBS = calc_average_error(T_LBS,T_real_ldim LBS)
print ("Average error for LBS [degree C]:","%.2f" % av_error_LBS)

av_error_wall = calc_average_error(T_wall,T_real_ldim wall)
print ("Average error for outside wall [degree C]l:","%.2T" % av_error_wall)

fig = plt. figurel)

11 = plt.plot(time, T _LBS, 'b', label = "simulated LES")

12 = plt.plot(time_real, T real_LBS, 'b--', label = "real LES")
13 = plt.plot({time, T_wall, 'r', label = "simulated wall")

14 = plt.plot(time_real, T real wall, 'r--', label = "real wall")

plt.grid('eon")

plt.title( 'Simulated temperature rise at LBS and enclosure wall. I = 400A")
plt.legend(loc = 'upper left')

plt.xlabel ('Min"' )

plt.ylabel{'Temp [Degree CI1')

plt.axis([©,380,0,120])

plt.show()
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Temperature rise with 1 = 500A until steady state:

import numpy as np
import matplotlib.pyplot as plt

I =502

h LBS = 11.3
h_wall = 13.
alpha LBS = 0.0021
alpha_wall = 0.00305
R_factor_LBS = -0.9*%10%*.§
R_factor wall = -11*10%*-6

o

tau_LBS = 80
tau_wall = 140
x_LBS = 3.59
¥ wall = 8.3
A LBS = 0.015
A wall = 0.22
A surf = 0.725

hA_LBS = h_LBS*A_surf

hA wall = h_wall*A_surf

C LBS = tau LBS*A surf*h LBS
C_wall = tau_wall*A_surf*h_wall

.0; b = 400
1

e
3
3
ib-al/N)

8
3]
(
= dt/200

d
d
N
dt =
dt_1

time = np.linspace(a,b,N+1)
time real = np.linspacela,d,d-1)

T LBS = np.zeros(N+1)
T real LBS = np.zeros(d)
P LBS = np.zeros(N+1)

R_LBS = np.zeros(N+1)

T wall = np.zeros(N+1)
T real wall = np.zeros(d)
P wall = np.zeros(N+1)
R wall = np.zeros(N+1)

for n in range(N):

T 0 LBS = 19.7
T_LBSIO] = T_0_LBS
2

T max_LBS = 63.3

R_cold_LBS = 28.1*10%*-6
R_LBS[®] R_cold LBS
R_LBSIn]

Appendix G

(R_cold_LBS*(1+{alpha_LBS*(T_LBS[n-1]-T_8 LBS))})+R_factor_LBS
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imp

P_LBSIN]
T_LBS[n]

R_LBS[Nn]*I*I

T 0 wall = 19.84
T walllo] = T_0 wall

T _max_wall = 24.69

R_cold wall = 229.2%10%**-6
R wall[@] = R cold wall
R_wallln] =

P wallln] = R wall[n]#*I*I
T _wallln] =

ort pandas as pd

Appendix G

(T_LBS[n-11+(dt_1/C_LBS)*P_LBS[n]-hA LBS*(T_LBS[n-11-T_LBS[0]))+ x LBS

(R_cold_wall*(1+({alpha_wall*(T_wallln-1]1-T_8 wall)))}+R_factor_wall

(T_wallln-11+(dt_1/C_wall)*P_wallnl-hA_wall*(T_wallln-11-T_walllol}}+

T_real_LBS = pd.read_excel (r'C:\Users\ceglo\Documentsyl Spring 2022%\Tests\LBS_Python\t
T real_wall = pd.read_excel (r'C:\Users\ceglo\Documents\1l Spring 2022\Tests\Wall_Pythor

T real_data_LBS
T_real_prep_LBS
T real_1dim LBS

T real_data wall
T real_prep_wall
T_real_ldim wall

pd.read_excel (r'C:\Users\ceglo\Documents\1l Spring 2022\ Tests‘\LBS_ Pyl
T_real_data_LBS.values
=T _real prep LBS[:,8]

pd.read excel (r'C:\Users\ceglo‘\Documents\1l Spring 2022\TestsiWall F
T_real_data_wall.values
=T _real_prep_walll:,0]

def calc_average_error(temp_sim, temp_real_ldim):
mean_sim = np.mean{np.abs(temp_sim))
mean_real = np.mean(np.abs (temp_real_ldim))
mean_error = np.abs(mean_real-mean_sim)

return mean_error

av_error_LBS = calc_average error(T_LBS, T real_ldim LBS)

print ("Average error for LBS [degree C]:","%.2f" % av_error_LBS)
av_error_wall = calc_average error(T _wall,T_real_ldim wall)

print ("Average error for outside wall [degree C]:","%.2f" % av_error_wall)
fig = plt. figure()

11 = plt.plot(time, T_LBS, 'b', label = "simulated LBS")

12 = plt.plot(time real, T real LBS, 'b--', label = "real LBS")

13 = plt.plot(time, T_wall, 'r', label = "simulated wall")

14 = plt.plot(time_real, T_real_wall, 'r--', label = "real wall")
plt.grid{'on')

plt.legend(loc = 'upper left'}

plt.title{ 'Simulated temperature rise at LBS and enclosure wall. I = S500A')
plt.xlabel('Min"' }

plt.ylabel('Temp [Degree C1')

plt.axis([©,380,0,1208])

plt.show()
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Temperature rise with 1 = 630A until steady state:

import numpy as np
import matplotlib.pyplot as plt

I =530

h_LBS = 13.2

h_wall = 15.4

tau_LBS = 70

tau_wall = 135

alpha_LBS = 0.0021
alpha_wall = 0.00305
R_factor_LBS = -0.9%10%*-6
R_factor_wall = -11*¥10%*-6
¥ LBS = 6.1

¥_wall = 0.05

A LBs = 0.015

A wall = 0.22

A surf = 0.725

C LBS = tau LBS*A surf+*h LBS
C_wall = tau_wall*A_surf*h_wall
hA LBS = h_LBS*A surf

hA wall = h_wall*A_surf

0.0; b = 400
30

dt = ((b-a}/N)
dt_1 = dt/135

=

time = np.linspaceia,b,N+1)
time_real = np.linspace(a,b,b-1)

T LBS = np.zeros(N+1)
T real LBS = np.zeros(b)
P LBS = np.zeros(N+1)

R LBS = np.zeros(N+1)
T wall = np.zeros(N+1)
T real wall = np.zeros(b)
P wall = np.zeros(N+1)
R wall = np.zeros(N+1)

for n in range(N}:

T 0 LBS = 21.1
T_LBS[0] = T_0_LBS

T max LBS = 86.7

R_cold_LBS = 28.1*%10%*-6
R_LBS[O] = R_cold_LBS
R_LBS[n]

Appendix G

(R_cold LBS*{1+(alpha_LBS*(T_LBS[n-11-T_0 LBS))))+R _factor LBS
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P_LBS[Nn] = R_LBS[N]*I*I
T_LBS[n] = (T_LBS[n-1]+(dt_1/C_LBS)*P_LBS[n]-hA_LBS*(T_LBS[n-1]-T_LBS[0]))+x_LBS
T 0 wall = 19.43

T_wallle] = T_@ wall
T_max_wall = 47.99

R_cold_wall = 229.2*%10%**-6

R wall[g] = R cold wall

R wallln]l = (R _cold wall*{1+({alpha wall*(T wallln-11-T_© wall))})+R factor wall
P_wallln] = R wallln]*I*I

T wallln] = (T_wallln-11+{dt_1/C_LBS}*P_wallln]-hA wall*{T _wallln-1]-T_walll[&]))+x

import pandas as pd
T_real _LBS = pd.read_excel (r'C:\Users\ceglo\Documents\1l Spring 2022\ Tests\LBS_Python\¢
T_real wall = pd.read_excel (r'C:\Users\ceglo\Documents\1l_Spring 2022\Tests\Wall_Pythor

T real data LBS = pd.read excel (r'C:\Users‘\ceglo\Documentsy1l Spring 2822\ Tests\LBS Pyl
T real prep LBS = T_real_data_ LBS.values
T real _1dim LBS =T _real prep LBSI[:,0]

T real data wall = pd.read_excel (r'C:\Users‘\ceglo\Documentsyl Spring 2022\Tests\Wall F
T real prep wall = T_real _data wall.values
T real_1dim wall =T_real_prep_walll:,8]

def calc_average_error(temp_sim, temp_real_ldim):
mean_sim = np.mean{np.abs{temp_sim})
mean_real = np.mean{np.abs (temp_real_1ldim})
mean_error = np.abs{mean_real-mean_sim}
return mean_error

av_error_LBS = calc_average_error(T_LBS,T_real_ldim LBS)
print ("Average error for LBS [degree C]:","%.2f" % av_error_LBS)

av_error_wall = calc_average error{T_wall,T_real_ldim_wall)
print ("Average error for outside wall [degree C]:","%.2f" % av_error_wall)

fig = plt. figure()

11 = plt.plot(time, T_LBS, 'b', label = "simulated LBS")

12 = plt.plot{time_real, T_real LBS, 'b--', label = "real LBS")
13 = plt.plot(time, T wall, 'r', label = "simulated wall™)

14 = plt.plot{time real, T real wall, 'r--', label = "real wall"}

plt.legend(loc = 'upper left')

plt.title('Simulated temperature rise at LBS and eclosure wall. I = 630A")
plt.xlabel ('Min' )

plt.ylabel ('Temp [Degree C1')

plt.axisi{[0,380,0,120])

plt.grid{'on')

plt.show()
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Appendix G
Real vs. simulated temperature rise for | = 400A with
overload
I = 400A and adjusted to 700A at a given time:

import numpy as np
import matplotlib.pyplot as plt

alpha_LBS = 0.0021
alpha_wall = 0.00305
R_factor LBS = -0.9%¥10**-5
R_factor_wall = -11*¥10**-5

h LBS = 18.6
h_wall = 12.86
X LBS = 0.7

X wall = 0.05
A surf = 8.725
A wall = 0.22

A LBS = 8.015
hA LBS = h_LBS*A surf
hA wall = h_wall*A surf

a:
N =
dt b-al/N)
dt (dt/15a)

time = np.linspace(a,b,N+1)
time real = np.linspace(a,b,b-1)

T_LBS = np.zeros(N+1)
T_real_LBS = np.zeros(b)
R_LBS = np.zeros(N+1)
P_LBS = np.zeros(N+1)

T wall = np.zeros(N+1)
T real wall = np.zeros(b)
R_wall = np.zeros(N+1)
P wall = np.zeros(N+1)

for n in range(N):

T 0 LBS = 19.7
T_LBS[@] = T_0 LBS
T _max_LBS = 100.1

T 0 wall = 18.3
T wall[e] = T_0_wall

T max_wall = 25.4

11 = 400
1 2= 700
I off =0
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if {n < 48):
I=11
tau_LBS = 90
tau_wall = 1350

elif (n = 41 and n = 84 }:
I=-12
tau_LBS = 90
tau_wall = 150

elif (n = B5):

I =1 off
tau LBS = 90
tau_wall = 138

C LBS = tau LBS*A LBS*h LBS
C wall = tau wall*A wall*h wall

R_cold_LBS = 28.1¥10%*-§

R_LBS[B] = R_cold_LBS

R_LBS[n] = (R _cold_LBS*{1+(alpha_LBS*(T_LBS[n-11-T_0_LBS))))+R factor_LBS
P_LBS[n] = R_LBS[n]*I*I

T_1BS[n] = (T_LBS[n-11+(dt_1/C_LBS)*P_LBS[n]-hA_LBS*(T_LBS[n-1]1-T_LBS[0]) )+x_LBS

R_cold wall = 229.2%10%*-6

R walll[e] = R _cold wall

R_wallln]l = (R_cold_wall*(1+{alpha_wall*{T_wallln-11-T_& wall))})+R_factor_wall
F_walllnl = R_owallln]*I*I

T_walllnl = (T_wallln-11+(dt_1/C_wall}*P_walllnl-hA_wall*{T_wallln-11-T_walllel}}+:

import pandas as pd
T real LBS = pd.read excel (r'C:\Usersiceglo\Documents\l Spring 2022%Tests\LBS Pythony:
T_real_wall = pd.read_excel {r'C:\Users\ceglo‘\Documentsy1l_Spring 2022\Tests'Wall_Pythor

T real data LBS = pd.read excel (r'C:\Users\ceglo‘\Documentsy1l Spring 2022\Tests\LBS Py!
T real prep LBS = T real data LBS.values
T_real_ldim_LBS =T_real_prep_LBS[:.0]

T_real_data_wall = pd.read_excel (r'C:‘\Usersiceglo\Documentsil_Spring 2822\Tests\Wall_t
T_real_prep_wall = T_real_data_wall.values
T_real_ldim_wall =T_real_prep_walll:.0]

def calc_average error({temp_sim, temp real 1ldim):
mean_sim = np.mean(np.abs{temp _sim})
mean_real = np.mean{np.abs({temp_ real ldim})
mean_error = np.absi{mean_real-mean_sim)
return mean_error

av_error_LBS = calc_average_error{T_LBS,T_real_ldim_LES)
print ("Average error for LBS [degree C]:","%.2f" % awv_error_LBS)

av_error_wall = calc_average_error{T_wall,T_real_ldim_wall})
print ("Average error for outside wall [degree C]:","%.2f" % av_error_wall)

fig = plt.figure(}

11 = plt.plot{time, T_LBS, 'b', label = "simulated LBS")

12 = plt.plot{time_real, T_real_LBS, 'b--', label = "real LBS")
13 = plt.plotitime, T_wall, 'r’, label = "simulated wall")

14 = plt.plot{time_real, T_real_wall, 'r--', label = "real wall")

plt.grid{ on")
plt.title('Sim vs real. I =
plt.legend{loc = "upper left
plt.xlabel( Min® )
plt.ylabel (' Temp [Degree C]')
plt.axis{[@©,830,0,138])
plt.show()

4004 and later overloaded to be I = 700A')
)
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I = 400A and adjusted to 800A at a given time:

import numpy as np
import matplotlib.pyplet as plt

alpha_LBS = 8.0021
alpha wall = ©.00305
R_factor_LBS = -0.9%10¥*-6

R_factor wall = -11*¥le**-5
h LBS = 18.6

h_wall = 12.6

¥ LBS = 1

x wall = 8.3

A surf = B.725

A wall = B.22

A_LBS = 0.013

ha LBS = h_LBS*A_surf
ha wall = h_wall*A_surf

a
M

dt
dt

time = np.linspacef(a,b,N+1}
time real = np.linspacela.b,b-1}

T_LBS = np.zeros{N+1}
T_real LBS = np.zeros(b)
R_LBS = np.zeros(N+1)
P_LBS = np.zeros(N+1)

T wall = np.zeros(N+L})
T_real wall = np.zeros(b)
R wall = np.zeros(N+1})
P wall = np.zeros{N+1)

for n in range(N):

T B LBS = 21.3
T_LBs[o]l = T_B_LBS
T _max_LBS = 110

T B0 wall = 20.2
T wallle] = T_8 wall

T max wall = 30.7

= 400
- 208
ff =0

(=R e e

I
I
I_

if (n = 62);:
I=-11
tau_LBS = 90
tau_wall = 150

elif (n = 63 and n < 77 ):
I=12
tau LBS = 98
tau_wall = 158

elif (n = 78):

I =1aoff
tau LBS = 98
tau wall = 158

Appendix G
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U LBS = h_LBS*A surf
U_wall = h_wall*a_surf

C_LBS = tau_ LBS*A_LBS*h_LBS
C_wall = tau_wall*A_wall*h_wall

R_cold_LBS = 28.1*%10%*-5

R_LBS[®] = R_cold_LBS

R_LBS[n] = (R_cold_LBS*(1+{alpha_LBS*{T_LBS[n-1]-T_B_LBS)}}}+R_factor_LBS
P_LBS[n] = R_LBS[n]*I*I

TLBS[n] = (T _LBS[n-1]+(dt_1/C_LBS)*P_LBS[n]-hA_LBS*(T_LBS[n-1]-T_LBS[@1))+x_LBS

R cold wall = 229.2%10%%-6

R_wall[@] = R_cold_wall

R_wallln]l = (R_cold_wall*{1+({alpha_wall#{T_wallln-11-T_&_walll}}}+R_factor_wall

P wallln] = R walllnl*I*I

T wallln] = {T_wallln-1]+{dt_1/C_LBS})*P wallln]-hA wall*(T_wallln-1]-T_walll[0]])}+x_

import pandas as pd
T_real LBS = pd.read_excel (r'C:\Users‘\cegle\Documentsil_Spring 2622%\Tests\LBS_Python':
T_real_wall = pd.read_excel (r'C:\Users\cegle’\Documentsi1l_Spring 2822%\Tests'Wall_Pythor

T_real_data_LBS = pd.read_excel {r'C:‘Users\ceglo’\Documents\1_Spring 2022%Tests\LBS Pyt
T_real_prep_LBS = T_real_data_LBS.values
T real _1dim LBS =T real prep LBS[:,08]

T_real_data_wall = pd.read_excel (r'C:‘UsersicegloiDocumentsil_Spring 2822%\Tests'\Wall_f
T_real_prep_wall = T_real_data_wall.values
T real 1dim wall =T real prep walll:,0]

def calc_average_error{temp_sim, temp_real_ldim}:
mean_sim = np.mean{np.abs{temp _sim}}
mean_real = np.mean{np.abs({temp_real ldim})
mean_error = np.abs{mean_real-mean_sim)
return mean_error

av_error LBS = calc_average error{T_LBS, T real ldim LBS)
print ("Average error for LBS [degree C]:","%.2T" % av_error_LBS)

av_error_wall

= calc_average_error(T_wall,T_real_ldim_wall)
print ("Average e

rror for outside wall [degree Cl:","%.2f" % av_error_wall)

fig = plt.figure()

11 = plt.plot(time, T_LBS, 'b', label = "simulated LES")

12 = plt.plot{time_real, T_real_LBS, 'b--', label = "real LES")
13 = plt.plot{time, T_wall, 'r', label = "simulated wall"}

14 = plt.plot{time_real, T_real_wall, 'r--', label = "real wall"}

plt.grid( on")

plt.title( 'Sim vs real. I = 4604 and later overloaded to be I = B0DA")
plt.legend{loc = ‘upper lefti')

plt.xlabel{ ' Min" )

plt.ylabel( Temp [Degree C]')

plt.axis([e,640,0,120])

plt.show()
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I = 400A and adjusted to 850A at a given time:

impart numpy as np
import matplotlib.pyplot as plt

alpha_LBS = 0.0021
alpha_wall = ©.00385
R_factor LBS = -0.9%10%**.§
R_factor wall = -11*10**-8

h LBS = 10.6
h_wall = 12.6
X LBS = 1.3
X wall = 0.05
A surf = 0.725
A wall = 0.22

ATLBS = 0.015

hA LBS = h_LBS*A surf
hA wall = h_wall*A surf
a=0.0; b =525
N = 100

dt = ((b-a)/N}
dt_1 = (dt/150)

time = np.linspace(a,b,N+1)
time_real = np.linspace(a,b,b-1)

T_LBS = np.zeros(N+1)

T real LBS = np.zeros(h)

R_LBS = np.zeros(N+1)
np.zeros(N+1)

P_LBS
T wall = np.zerosi{N+1)
T real wall = np.zeros(b)
R wall = np.zeros(N+1)
P wall = np.zeros(N+1)

for n in range(N):

T 0 LBS = 19.1
T_LBS[O] = T 0 LBS
T max_LBS = 110.2

T 0 wall = 20.5
T wallle]l = T_@ wall
T max_wall = 28

= 400
= 850
off = 0

if (n = 64):
=11

tau_LBS = 9@
tau_wall = 158

elif {n = 65 and n = 78):
I=12
tau_LBS = 96
tau_wall = 158

elif (n = 7%9):
I =1 off
tau_LBS = 96
tau_wall = 150
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hA LBS = h_LBS*A surf
h& wall = h_wall*A_surf

C LBS = tau LBS*A LBS*h LBS
C wall = tau wall*A wall*h wall

R_cold_LBS = 28.1%¥10%%-5

R_LBS[E] = R cold LBS
R_LBS[n] = (R_cold_LBS*{1+{alpha_LBS*{T_LBS[n-1]1-T_&_LBS))}}+R _factor_LBS
P_LBS[n] R_LBS[n]*I*I

T LBS[n] = (T _LBS[n-11+(dt_1/C_LBS)*P_LBS[n]-hA LBS*(T_LBS[n-1]1-T_LBS[0]))+x_LBS

R_cold wall = 229.2#10%*-6
R_wallle] = R_cold_wall
R wallln] = (R cold wall*{1+(alpha wall*{T wall[n-1]1-T_© wall}})}+R_factor wall

F walllnl
T walllnl

R walllnl*I*I
(T_wallln-11+{dt_1/C_wall}*P_wallln]l-hA wall*({T_wallln-11-T_walll@1}}+:

import pandas as pd
T_real _LBS = pd.read_excel (r'C:\Users\cegloiDocuments\1l_Spring 2022\Tests\LBS_Python:
T_real_ wall = pd.read_excel (r'C:\Usershceglo\Documentsy1l_Spring 2022\TestsWall_Pytho

T_real_data_LBS = pd.read_excel (r'C:WUsers\ceglo\Documents\1l_Spring 2022\Tests\LBS_Pyi
T_real_prep_LBS = T_real_data_LBS.values
T real 1dim LBS =T real prep LBS[:,0]

T_real_data_wall = pd.read_excel (r'C:\Usersiceglo\Documentsil_Spring 2022\Tests\Wall_f
T real prep wall = T_real _data wall.values
T real 1dim wall =T real prep walll:,0]

def calc_average error{iemp sim, temp real ldim}):
mean_sim = np.mean{np.abs (temp_sim))
mean_real = np.mean{np.abs{temp_real_ldim})
mean_error = np.abs{mean_real-mean_sim)
return mean_error

av_error_LBS = calc_average_error{T_LBS,T_real_ldim_LBS)
print {("Average error for LBS [degree C]:","%.2f" % av_error_LBS)

av_error_wall = calc_average error{T_wall,.T_real_ldim_wall)
print {"Average error for outside wall [degree CI:","%.2f" % av_error_wall)

fig = plt. figure()

11 = plt.plot{time, T LBS, 'b', label = "simulated LBS")

12 = plt.plot{time_real, T_real _LBS, 'b--', label = "real LBS")
13 = plt.plot{time, T wall, 'r', label = "simulated wall")

14 = plt.plot(time_real, T_real_ wall, 'r--', label = "real wall")

plt.grid('on"}

plt.title('Sim vs real. I = 400A and later overloaded to be I = 850A4')
plt.legend({loc = 'upper Left')

plt.xlabel('Min' )

plt.ylabel ('Temp [Degree C]')

plt.axis([®8,510,8,1208])

plt.show()
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Appendix G
Real vs. simulated temperature rise for | = 500A with

overload
I = 500A and adjusted to 700A at a given time:

import numpy as np
import matplotlib.pyplot as plt

alpha_LBS = 0.0021

alpha wall = 0.00385

R factor LBS = -0.9*10**-6
R factor wall = -11*10**-6
h_LBS = 11.3

h wall = 13.4

x LBS = 1.1

®x wall -0.3

0.725

.22

A LBS = 0.015

IIP

W

=

=

—h
I

; b= 821

hA LBS = h LBS*A surf
hA wall = h_wall*A surf

time = np.linspace({a,b,N+1}
time real = np.linspace(a,b,b-1)

T_LBS = np.zeros(N+1)
T_real LBS = np.zeros (b}
R _LBS np.zeros (N+1)
P_LBS np.zeros (N+1)

T _wall = np.zeros(N+1)
T real wall = np.zeros(b)
R wall np.zeros (N+1)
P_wall np.zeros (N+1)

for n in range(N):
T 6 LBS = 18.

8
T_LBS[G] = T_0O_LBS
T max_LBS = 101.3

T 0 _wall = 18.7
T wall[@] = T 0 wall
T max wall = 28.3

=

—h O M=
—h

= =l |l
I
=

140
nd n < 84 )

oo~
a |

elif (n
I=12
tau_LBS = 30
tau wall = 148
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elif (n = 85):
I =1off
tau LBS = 80
tau_wall = 140

U LBS = h_LBS*A surf
Uwall = h_wall*A surf

C_LBS = tau LBS*A_LBS*h LBS
C wall = tau_wall*A_wall*h_wall

R_cold_LBS = 28.1%1E%*-6

R LBS[B] = R cold LBS

R_LBS[n] = {(R_cold_LBS*{1+{alpha_LBS*(T_LBS[n-1]-T_B_LBS}}})+R_factor_LBS

P LBS[n] = R_LBS[n]*I*I

T LBS[n] = (T _LBS[n-11+{dt_1/C_LBS)*P LBS[nl-hA LBS*{T _LBS[n-1]-T _LBS[0]))+x LBS

R cold wall = 229.2*%10%*-§

R wallle] = R_cold wall

Rowallln]l = (R_cold_wall*{1+(alpha_wall*{T_wallln-1]-T_@_wall))))+R_factor_LBS
Pwallln] = R wallln]*I*I

T wallln] = (T_wallln-1]+{(dt_1/C_wall}*P_wallln]-hA _wall*{T_wallln-1]-T_wall[@]}}+:

import pandas as pd
T_real LBS = pd.read_excel (r'C:\Users\ceglo\Documentsyl_Spring 20224Tests\LBS Python\:
T_real_wall = pd.read_excel (r'C:\Usersiceglo‘\Documentsh1_Spring 2022\Tests\Wall_Pythor

T_real_data_LBS = pd.read_excel (r'C:\Users\ceglo’\Documentsyl_Spring 2022\Tests\LES_ Pyt
T_real_prep_LBS = T_real_data_LBS.values
T_real_ldim_LBS =T_real_prep_LBS[:,0]

T real data wall = pd.read excel {r'C:\Users\ceglo\Documentshl Spring 2022\Tests\Wall f
T real prep wall = T_real data wall.wvalues
T_real_ldim_wall =T_real_prep_walll[:.,0]

def calc_average_error{temp_sim, temp_real_ldim):
mean_sim = np.meaninp.abs{temp_sim})
mean_real = np.mean{np.abs{temp_real_ldim})
mean_error = np.abs{mean_real-mean_sim)
return mean_error

av_error LBS = calc_average error{T_LBS,T real ldim LBS})
print (“Average error for LBS [degree C]:","%.2f" % av_error_LBS)

av_error_wall = calc_average error{T_wall,T_real 1dim wall)
print {("Average error for outside wall [degree C]:","%.2f" % av_error_wall)

fig = plt.figure()

11 = plt.plot{time, T _LBS, 'b', label = "simulated LBS")

12 = plt.plot{time_real, T real LBS, 'b--', label = "real LBS"}
13 = plt.plot{time, T wall, 'r', label = "simulated wall")

14 = plt.plot{time_real, T _real wall, 'r--', label = "real wall")

plt.grid{ on"}
plt.title( 'Sim vs real. I =
plt.legend{loc = "upper left
plt.xlabel{ Min" }
plt.ylabel (' Temp [Degree C]')
plt.axis([@,200,8,130]1)
plt.showi}

5004 and later overloaded to I = 700A.')
")

130



I = 500A and adjusted to 800A at a given time:

import numpy as np
import matplotlib.pyplot as plt

alpha _LBS = 0.0021
alpha_wall = ©.60305
R_factor_LBS = -0.5%10%%-5

R factor wall = -11*1p**-6
h_ LBS = 11.3
h_wall = 13.4

% LBS = 0.1

¥ wall = 0.1

A _surf = 0.725

A _wall = B.22

A LBS = 0.015
a=0.0; b =584
N = 100

dt = {{b-al/N)
dt_1 = (dt/150)

h& LBS = h_LBS*A_surf
ha wall = h_wall*A_surf

time = np.linspace(a,b,N+1)
time_real = np.linspace({a.b.b-1)

T LBS = np.zeros (N+1)
T_real_LBS = np.zeros{b)
R LBS = np.zeros (N+1)
P_LBS = np.zeros (N+1)

T wall = np.zeros{N+1})
T_real_ wall = np.zeros{hb)
R_wall = np.zeros(N+1)
P_wall = np.zeros{N+1})

for n in range({N):

T_8 LBS = 19.8
T_LBS[B] = T_B_LBS
T max_LBS = 110

T 0 wall = 18.5
T wallle] = T_8& wall
T max_wall = 27.1

= 508
= 200
ff =0

if (n = 64):
I=1I1
tau LBS = 80
tau_wall = 140
elif (n = 65 and n < 80 ):

I=1I2

tau LBS = 80

tau_wall = 140
elif (n = 81}):

I =1 off

tau LBS = 80

tau_wall = 140

Appendix G
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C_LBS = tau LBS*A LBS*h LBS
C_wall = tau_wall*A_wall*h_wall

R_cold_LBS = 2B.1*10%*-6
R_LBS[B] = R_cold_LBS

R_LBS[n] = (R_cold_LBS*{1+{alpha_LBS*(T_LBS[n-11-T_B_LBS))))+R _factor_LBS
P_LBS[n] = R_LBS[n]1*I*I
T_LBS[n] = (T_LBS[n-11+(dt_1/C_LBS)*P_LBS[n]-hA_LBS*(T_LBS[n-1]-T_LBS[@]))+x_LBS

R_cold wall = 229.2%10%*-6

R_walllel = R_cold_wall

R_wallln] = (R_cold_wall*{1+{alpha_wall*{T_wallln-1]-T_0_wall)}}}+R_Tactor_wall

P wallln] = R_wallln]#I*I

T wallln]l = (T_wallln-11+(dt_1/C_wall}*P_wallln]l-hA wall®*{T_wallln-11-T_walll@l) }+:

import pandas as pd
T_real LBS = pd.read_excel (r'C:‘\Users‘\ceglo‘\Documents\l_Spring 2822%Tests\LBS Python\!
T_real_wall = pd.read_excel (r'C:\Users\ceglo\Documents\1l_Spring 2022\Tests\Wall_Pythor

T_real_data_LBS = pd.read_excel {(r'C:\Usersiceglo‘\Documentsil_Spring 2022%Tests\LBS_Py!
T real prep LBS = T real _data LBS.values
T_real_ldim_LBS =T_real _prep_LBS[:.01]

T real data wall = pd.read excel (r'C:\Users\ceglo\Documentsi1l Spring 2822\Tests'Wall f
T_real_prep_wall = T_real_data_wall.values
T real 1dim wall =T real prep walll:.8]

def calc_average_error{temp_sim, temp_real_ldim):
mean_sim = np.mean{np.abs{temp_sim))
mean_real = np.mean{np.abs(temp_real_ldim}}
mean_error = np.abs{mean_real-mean_sim)
return mean_error

av_error_LBS = calc_average_error{T_LBS,T_real_ldim_LBS})
print ("Average error for LBS [degree C]:","%.2T" % awv_error_LBS)

av_error_wall = calc_average error{T_wall,T real ldim wall}
print {("Average error for outside wall [degree C]l:","%.2T" % av_error_wall}

fig = plt.figurel)

11 = plt.plot{time, T_LBS, 'b', label = "simulated LBES")

12 = plt.plot{time_real, T_real_LBS, 'b--', label = "real LBS")
13 = plt.plot(time, T_wall, 'r', label = "simulated wall")

14 = plt.plot{time_real, T_real_wall, 'r--', label = "real wall")

plt.grid{'on"}

plt.title{ 'Sim vs real. I = 508A and later overloaded to I = B80A.')
plt.legend(loc = 'upper left')

plt.xlabel{"Min" )

plt.ylabel{ ' Temp [Degrees C1'})

plt.axis([0,550,0,1308])

plt.show()
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I = 500A and adjusted to 850A at a given time:

impart numpy as np
import matplotlib.pyplot as plt

alpha_LBS = 0.0021

alpha wall = 0.00385
R_factor LBS = -0.9%10%*.§
R_factor_wall = -11*10%*-§
h LBS = 11.3

h_wall = 13.4

X LBS = 1.9

¥ wall
A surf
A wall

ALBS = 0.0

o.
0.725
a.

3
72
22
15

hA_LBS = h_LBS*A surf
hA wall = h_wall*A surf

a
N

dt
dt

time = np.linspace(a,b,N+1)
time _real = np.linspace(a,b,b-1)

T LBS = np.zeros(N+1)
T real LBS = np.zeros(b)
R_LBS = np.zeros(N+1)

P_LBS = np.zeros(N+1)

T wall = np.zeros(N+1)
T real wall = np.zeros(b)
R wall = np.zeros(N+1)
P wall = np.zeros(N+1)

for n in range(N):

T 0 LBS = 19.7
T_LBS[O] = T_0 LBS
T max_LBS = 110

T O wall = 18.9

T walllo]l = T_@ wall

T max_wall = 28.1

500
850
=0

b =

[
=k 1l

f

o

if {n = 63):
I=11
tau LBS = B@
tau_wall = 140
elif (n = 67 and n = 76 ):
I=12
tau_LBS = 8O
tau_wall = 140
elif (n = 77):
I =1off
tau_LBS = 80
tau_wall = 148
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C_LBS = tau_LBS*A_LBS*h_LBS
C wall = tau_wall*A wall*h _wall

R_cold_LBS = 2B.1%¥10%*-6
R_LBS[@] = R_cold _LBS

R_LBS[n] = (R_cold_LBS*(1+{alpha_LBS*{T_LBS[n-1]1-T 0 _LBS))}}+R factor_LBS
P_LBS[n] = R LBS[n]*I*I
T LBS[n] = (T_LBS[n-11+(dt_1/C_LBS)*P_LBS[n]-hA_LBS*(T_LBS[n-1]1-T_LBS[0]1))+x_LBS

R_cold wall = 229.2%19%%-5

R_wallle]l = R_cold_wall

R_wallln] = (R_cold_wall*{1+(alpha_wall*{T_wall[n-1]1-T_8_walll}})+R_factor_wall
F_wallln]l = R_walllnl*I*I

T_wallln] = (T_wallln-1]+{dt_1/C_wall}*P_walllnl-hA_wall*{T_wallln-1]-T_walllel})+:

import pandas as pd
T_real LBS = pd.read_excel {(r'C:\Users’ceglo’\Documents\1l_Spring 2822%Tests\LBS_Python\!
T_real_wall = pd.read_excel (r'C:\Users\ceglo\Documents\1_Spring 2022\Tests'\Wall_Pythor

T real _data LBS
T real prep LBS
T_real_ldim_LBS

pd.read excel (r'C:\Users\cegqlo‘\Documentsh\1l Spring 2822\Tests\LBS Pyt
T real_data LBS.values
T _real_prep LBS[:.0]

T_real_data_wall = pd.read_excel (r'C:\UsershceglovDocumentsi1l_Spring 2022\Tests\Wall_f
T _real_prep_wall = T_real_data_wall.values
T_real_ldim_wall =T_real_prep_walll:,0]

def calc_average_error{temp_sim, temp_real_ldim):
mean_sim = np.mean{np.abs (temp_sim})
mean_real = np.mean{np.abs(temp_real 1dim})
mean_error = np.abs(mean_real-mean_sim}
return mean_error

av_error_LBS = calc_average_error{T_LBS,T_real_ldim_LBS)
print ("Average error for LBS [degree C]:","%.2f" % av _error_LBS)

av_error_wall = calc_average_error{T_wall,T_real_ldim_wall}
print ("Average error for outside wall [degree C]:"."%.2T" % av_error_wall)

fig = plt.figure()
11 = plt.plot{time, T _LBS, 'b', label = "simulated LES")

12 = plt.plot{time_real, T_real LBS, 'b--', label = "real LBS")
13 = plt.plot{time, T_wall, 'r', label = "simulated wall")
14 = plt.plot{time_real, T real wall, 'r--", label = "real wall"}

plt.grid{'on"}

plt.title{'Sim vs real. I = 500A and later overloaded to I = 850A.'}
plt.legend{loc = "upper left'}

plt.xlabel{ Min" }

plt.ylabel( Temp [Degree C]'}

plt.axis([e,340,0,130]1)

plt.show()
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Appendix G
Real vs. simulated temperature rise for | = 630A with

overload
I = 630A and adjusted to 700A at a given time:

import numpy as np
import matplotlib.pyplot as plt

alpha LBS = 0.0021
alpha_wall = 0.00305
R_factor_LBS = -0.9*%10%*%-§
R_factor wall = -11*10**-6

h LBS = 13.2
h_wall = 15.4
X LBS = 2.1

¥ wall = 0.8
A surf = 0.725
A wall = 0,22

A LBS = 0.015

hA LBS = h_LBS*A surf
hA wall = h_wall*A_surf
a=0.0; b =841
N = 1600

dt = ((b-a)/N}
dt_1 = (dt/150)

time = np.linspace(a,b,N+1)
time real = np.linspace(a,b,b-1)

T LBS = np.zeros(N+1)
T real LBS = np.zeros(b)
P_LBS = np.zeros(N+1}

R_LBS = np.zeros(N:1)

T wall = np.zeros(N+1)
T real_wall = np.zeros(b)
P wall = np.zeros(N+1)
R wall = np.zeros(N+1)

for n in range(N):

T 0 LBS = 21.1
T_LBS[O] = T_O_LBS
T_max_LBS = 100

T 0 wall = 18.52
T wallle]l = T_@ wall
T max_wall = 31

630
700
=0

k=

[~
=h 1l 1l

f

=]

if (n = 40):
I=11
tau_LBS = 70
tau_wall = 135
elif {n = 52 and n = 82 }:
I=12
tau_LBS = 70
tau_wall = 135
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Appendix G
elif {(n = 83):
I =1 off
tau_LBS = 70
tau_wall = 135

C_LBS = tau_LBS*A_LBS*h_LBS
C wall = tau wall*A wall*h wall

R_cold_LBS = 28.1%¥18%%-5

R_LBS[®] = R_cold_LBS

R_LBS[n] = {R_cold_LBS*(1+{alpha_LBS*{T_LBS[n-1]-T_8_LBS)}}})+R_factor_LBS
P_LBS[n] = R_LBS[n]*I*I

T_LBS[n] = (T_LBS[n-1]+(dt_1/C_LBS)*P_LBS[n]-hA_LBS*(T_LBS[n-1]1-T_LBS[@]1))+x_LBS

R_cold wall = 229.2*10**-6
R_walllel = R_cold_wall

R_wallln] = (R_cold_wall*(1+{alpha_wall*{T_walll[n-1]-T_0_walll})})+R_factor_wall
P wallln] = R wallln]*I*I
T wallln] = (T_wallln-1]+{dt_1/C_LBS}*P wallln]l-hA wall*{T_wallln-1]1-T_wallle]}h+x_

import pandas as pd
T_real_LBS = pd.read_excel {r'C:\Usersi\cegloyDocuments\l_Spring 2822\Tests\LBS Python\t
T_real_wall = pd.read_excel (r'C:%Users\ceglo‘\Documents\1l_Spring 2022\Tests\Wall_Pythor

T_real_data_LBS = pd.read_excel (r'C:\Users\ceglo\Documentsyl_Spring 2022\Tests\LBS_Pyt
T_real_prep_LBS = T_real_data_LBS.values
T_real_ldim_LBS =T_real_prep_LBS[:.0]

T_real_data_wall = pd.read_excel (r'C:\Usersh\ceglo\Documentshl_Spring 2822%Tests'\Wall_f
T real prep wall = T_real_data wall.values
T_real_ldim_wall =T_real_prep_walll:.B8]

def calc_average_error{temp_sim, temp_real_ldim}:
mean_sim = np.mean{np.abs{temp_sim})
mean_real = np.meani{np.abs{temp_real_ldim}}
mean_error = np.abs{mean_real-mean_sim)
return mean_error

av_error_LBS = calc_awverage_error{T_LBS,T_real_ldim_LBES)
print {("Average error for LBS [degree C]:","%.2T" % av_error_LBS)

calc_average error(T_wall,.T real 1dim wall}

av_error_wall =
age error for outside wall [degree Cl:","%.2T" % av_error_wall)

print {("Aver

fig = plt.figure(}

11 = plt.plot(time, T _LBS, 'b', label = "simulated LES")

12 = plt.plot(time_real, T_real LBS, 'b--', label = "real LES")
13 = plt.ploti{time, T_wall, 'r', label = "simulated wall"}

14 = plt.plot{time_real, T_real_wall, 'r--', label = "real wall")

plt.legend(loc = ‘upper left'}

plt.title{'Sim vs real. I = 530A and later overloaded to I = 780A.")
plt.xlabel{ Min" }

plt.ylabel{ ' Temp [Degree C]')

plt.axis([0,820,8,120])

plt.grid{ on’)

plt.show()
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I = 630A and adjusted to 800A at a given time:

impart numpy as np
import matplotlib.pyplot as plt

alpha LBS = 0.0021
alpha_wall = 0.00305
R_factor_LBS = -0.9%10%*-6
R_factor_wall = -11%#10%*-6
h LBS = 13.2

h wall = 15.4

X LBS = 1.8

X_wall
A surf
A wall
ALBS = 0.01

5

0.4
0.72
0.22
.015

hA LBS = h_LBS*A surf
hA wall = h_wall*A_surf

a=0.0; b =559

N==8

dt (b-al/N)

dt (dt/141)

time = np.linspace(a,b,N+1)
time_real = np.linspace(a,b,b-1)

T_LBS = np.zeros(N+1)
T_real_LBS = np.zeros(b)
P LBS = np.zeros(M+1)

R LBS = np.zeros(N+1}

T _wall = np.zeros(N+1)
T real wall = np.zeros(b)
P wall = np.zeros(N+1)
R wall = np.zeros(N+1)

for n in range(N):

T 0 wall = 19.3
T wall[e] = T_0_wall
T max wall = 24.3

630
800
=0

[
SR
el

“of

if (n = 46):
I=11
tau_LBS = 78
tau_wall = 135

elif (n = 47 and n = 51)
I=12
tau LBS = 78
tau_wall = 135

elif (n = 52):

I =1 off
tau_LBS = 70
tau wall = 135

Appendix G
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C_LBS = tau_LBS*A_LBS*h_LBS
Cwall = tau_wall*A_wall*h_wall

R_cold_LBS = 28.1#10%*-§

R_LBS[B] = R_cold_LBS

R_LBS[n] = (R_cold_LBS*{1+({alpha_LBS*{T_LBSIn-11-T_B_LBS))}}+R_factor_LBS
P_LBS[n] = R_LBS[n]*I#**2

TLBS[n] = (T_LBS[n-11+{dt_1/C_LBS)*P _LBS[n]-hA_LBS*(T_LBS[n-1]-T_LBS[8]1))+x_LBS

R_cold_wall = 229.2%1@%%-6

R wallTe]l = R_cold wall

R wallln] = (R_cold_wall*{1+({alpha_wall*{T_wallln-1]-T_0 _walll}})+R_Tactor_wall

P wallln] = R wall[n]#*I#**2

T_wallln]l = (T_wallln-11+{dt_1/C_LBS)*P_walllnl-hA wall#{T_wallln-11-T_walllel}h+x_

import pandas as pd
T real LBS = pd.read excel {(r'C:‘\Users‘ceglo‘\Documentsil Spring 20224Tests\LBS Python\
T_real wall = pd.read_excel (r'C:\Users\ceglo\Documents\1_Spring 2822%Tests'\Wall_Pythor

T_real_data_LBS = pd.read_excel (r'C:\Usersicegle‘\Documentsi1_Spring 20224Tests\LBS_ Pyt
T_real_prep_LBS = T_real_data_LBS.values
T_real_ldim_LBS =T_real_prep_LBS[:,0]

T_real_data_wall = pd.read_excel (r'C:\Usersiceglo\Documentsi1_Spring 2022\Tests\Wall_f
T_real_prep_wall = T_real_data_wall.values
T_real_ldim_wall =T_real_prep_wall[:,0]

def calc_average_error{temp_sim, temp_real_ldim}:
mean_sim = np.mean{np.abs{temp_sim)}
mean_real = np.meaninp.abs{temp_real_ldim}}
mean_error = np.abs(mean_real-mean_sim)
return mean_error

av_error_LBS = calc_awverage_error{T_LBS,T_real_ldim_LBS)
print ("Average error for LBS [degree C]:","%.2f" % av_error_LBS)

av_error_wall = calc_average_error(T_wall,T_real_ldim_wall}
print {("Average error for outside wall [degree C]:","%.2f" % av_error_wall)

fig = plt.figure(}

11 = plt.plot{time, T_LBS, 'b', label = "simulated LES")

12 = plt.plot(time_real, T_real_LBS, 'b--', label = "real LES")
13 = plt.plot{time, T_wall, 'r', label = "simulated wall"})

14 = plt.ploti{time_real, T real wall, 'r--°, label = "real wall"})

plt.legend{loc = ‘upper left')

plt.title('Sim vs real. I = 630A and later overloaded to I = S800A.")
plt.xlabel{ Min" }

plt.ylabel{ Temp [Degree C]'}

plt.axis([0,530,0,120])

plt.grid{ on")

plt.show()
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I = 630A and adjusted to 850A at a given time:

import numpy as np
import matplotlib.pyplot as plt

alpha LBS = 0.00821
alpha_wall = ©.808303

R _factor LBS -0.5*%10**-6
R_factor_wall = -11*1@**-6
h LBS = 13.2

h wall = 15.4

% LBS = 2

x wall = -0.1

A surf = 0.725

A wall = B.22

A_LBS = 0,815

ha LBS = h_LBS*A_surf
ha wall = h_wall*A_surf

8.0; b = 525
65

= {{b-al/N)
1 = (dt/141)

a
N

dt
dt

time = np.linspace(a.b,N+1)
time real = np.linspacela.b.b-1)

T_LBS = np.zeros{N+1)
T_real LBS = np.zeros({b})
P_LBS = np.zeros(N+1})
R_LBS = np.zeros (N+1)

T_wall = np.zeros{N+1)
T_real_wall = np.zeros(b)
P wall = np.zeros{N+1)
R wall = np.zeros{N+1)

for n in range{N}):

T 6 LBS = 21.1
T_LBS[B] = T_B_LBS
T max_LBS = 165.9

T 0o wall = 20.1
T wallle] = T_g_wall
T max wall = 28

630
850

I_1
1.2
I off =D

= n

1:

if (n = 46):
I=11
tau_LBS = 70
tau_wall = 135

elif (n = 47 and n < 50):
I=12
tau_LBS = 70
tau_wall = 135

elif (n = 51):

I =1off
tau_LBS = 70

tau wall = 135
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C_LBS = tau_LBS*A_LBS*h_LBS
C_wall = tau_wall*A_wall*h_wall

R cold_LBS = 28.11%10%*-§

R_LBS[B] = R cold LBS

R LBES[n] = (R _cold LBS*{1+{alpha LBS*{T LBS[n-1]-T 8 LBS)))}+R factor LBS
P_LBS[n] = R_LBS[n]*I*+*2

T_LBS[n] = (T_LBS[n-1]+(dt_1/C_LBS)*P_LBS[n]-hA_LBS*(T_LBS[n-1]1-T_LBS[®I))+x_LBS

R_cold wall = 220.2%10%*-5
R_walllgl = R_cold_wall
R_wallln]l = {(R_cold_wall*{1+{alpha_wall*{T_wallln-1]-T_B_walll)} })+R_factor_wall

P walllnl

B Rowallln]#*I**2
T wallln]

(T wallln-1]+{dt_1/C wall}*P wallln]-hA wall*{T wallln-1]-T walll[o]})+:

import pandas as pd
T_real_LBS = pd.read_excel (r'C:wUsersiceglo\Documentsil_Spring 2822\Tests\LBS_Python\i
T_real wall = pd.read_excel (r'C:\Users\ceglo\Documents\1l_Spring 2022\Tests\Wall_Pythaor

T real data LBS = pd.read excel {r'C:\Users‘\ceglo\Documentsh1l Spring 20224Tesis\LBS Py!
T_real_prep_LBS = T_real_data_LBS.values
T_real_ldim_LBS =T_real_prep_LBS[:.0]

T real data wall = pd.read excel (r'C:‘\Usershceglo‘\Documentsil Spring 2022\Tests\Wall |
T real prep wall = T _real data wall.values
T_real_ldim_wall =T_real_prep_walll:.0]

def calc_average_error{temp_sim, temp_real_ldim}:
mean_sim = np.mean{np.abs{temp_sim)}
mean_real = np.mean{np.abs{temp_real ldim})
mean_error = np.abs{mean_real-mean_sim)
return mean_error

av_error_LBS = calc_average_error(T_LBS,T_real_ldim_LBS)
print ("Average error for LBS [degree C]:","%.2T" % av_error_LBS)

av_error_wall = calc_average error{T_wall,T real 1dim wall)
print ("Average error for outside wall [degree CI:","%.2T" % av_error_wall)

fig = plt.figure()
11 = plt.plot(time, T_LBS, 'b', label = "simulated LES")

12 = plt.plot(time _real, T real LBS, 'b--', label = "real LES")
13 = plt.plot(time, T_wall, 'r', label = "simulated wall")
14 = plt.plot{time_real, T_real_wall, 'r--', label = "real wall"}

plt.legend{loc = 'upper left')

plt.title('Sim vs real. I = 630A and later overloaded to I = 830A.")
plt.xlabel{ ' Min" }

plt.ylabel{ Temp [Degree CI'}

plt.axis([@,510,8,120]})

plt.grid{'on"}

plt.show(}
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Appendix H

Average deviation for overload cases

The calculated average temperature deviation between the real and simulated model for the
temperature rise tests with overloading (not adjusted time constant at overload) is presented
in the following tables. The error is calculated based on Equation (8.1). I> is the overload
current.

Initial current is 400A:

I2 = 700A I2 = 800A I2 = 850A
LBS AT [C] 80.4 88.7 91.1
LBS error [°C] 4.3 3.5 4
LBS error [%)] 5.3 3.9 4.4
Outside wall AT [°C] 7.1 10.5 7.5
Outside wall error [°C] 0.8 0.6 0.5
Outside wall error [%] 11 5.7 6.7
Initial current is 500A:
2 =700A 12 = 800A 12 = 850A
LBS AT [°C] 82.5 90.2 90.3
LBS error [°C] 3.6 0.9 0.3
LBS error [%] 4.4 1 0.3
Outside wall AT [°C] 9.6 7.6 9.2
Outside wall error [°C] 1.9 0.6 0.8
Outside wall error [%] 19.8 7.9 8.7
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Initial current is 630A (nominal):

Appendix H

I2 = 700A I2 = 800A I2 = 850A
LBS AT [°C] 78.9 88.9 88.8
LBS error [°C] 0.6 1 6.9
LBS error [%)] 0.8 1.1 7.8
Outside wall AT [°C] 12.5 5 7.9
Outside wall error ['C] 0.2 0.3 1.7
Outside wall error [%] 1.6 6 21.5
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Average deviation for overload cases — adjusted t

The average temperature deviation between the simulated thermal model and the real data is
calculated for the temperature rise tests with overloading with adjusted time constant t (in the
overload period). The result is presented in the following tables. I2 is the overload current and
the error is calculated based on Equation (8.1).

Initial current is 400A:

I2 = 700A 12 = 800A I2 = 850A
LBS AT ['C] 80.4 88.7 91.1
LBS error [°C] 1.5 1.6 2.7
LBS error [%] 1.9 1.8 3
Outside wall AT [°C] 7.1 10.5 75
Outside wall error [°C] 0.1 0.3 0.2
Outside wall error [%] 1.4 2.9 2.7
Initial current is 500A:
2 =700A 12 = 800A 12 = 850A
LBS AT [°C] 82.5 90.2 90.3
LBS error [°C] 1.3 2.8 41
LBS error [%] 1.6 3.1 4.5
Outside wall AT 9.6 7.6 9.2
Outside wall error 0.2 0.06 0.4
Outside wall error [%] 2.1 0.8 4.3
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Initial current is 630A (nominal):

Appendix H

I2 = 700A I2 = 800A I2 = 850A
LBS AT [°C] 78.9 88.9 88.8
LBS error [°C] 1 0.9 5.3
LBS error [%] 1.3 1 6
Outside wall AT [°C] 12.5 5 7.9
Outside wall error [°C] 0.25 0.2 0.7
Outside wall error [%] 2 4 8.9
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Overload time for different currents

The possible overload times are presented as a chart which describes possible overload
currents based on initial current and wanted overloading time. The data used to develop the
chart is gathered from simulations in Appendix G with changed time constant for the LBS
and wall. The time constant used for the LBS is shown in the table below. The time constant
for the wall is set fixed to 140min as described in section 8.2.3.

400A 500A 630A 700A 800A 900A

Time constant 90 80 70 60 50 40
[min]

Changing the time constant changes the possible overload time. This means that previous
simulated thermal model results will not correspond to this solution. Neither will the real data
from the temperature rise test on the lab system. This is accepted to develop an approximately
overview of possible overload times based on a simplified thermal model.

The main gathered data from the simulation is plotted in the figure below. Trendline function
in excel is used to get the equations. The rated current is 630A.

Possible overlaod times

®2h
1,8
®15h
T Pt
u6 [ o 1h
BT . |
_| ................................ ® 45min
___U__ 14 T I —
- S I ... Tt 30min
§ """"" D R )
8,12 | y_15min=-1,06¢2+078x+17 e & 'Y 15min
- y_30min=-098x?+0,61x+1,68 e o
y_45min=-121x2+0,93x+1,5 e .
11y 1h=-1,24x2 + 1,02x + 1,37 .
y_1.5h=-1,21x2 + 1,04 + 1,27
y_2h =-0,94x2+0,76x + 1,18
0.8
0,5 0,6 0,7 0,8 0,9 1 1,1

|_init/ | _rated

A Python script is developed to plots the possible overload times, based on the equations. The
script is shown below.
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import matplotlib.pyplot as plt
import numpy as np

0.77*x)+ 1.70

X = np.linspace(0, 1.5, 50)

y_15min = (-1.06%x**2)+(

y_30min = (-0.98*x**2)+(0.6*x)+ 1.68
y_45min = (-1.21%x**2)+

(0.92*x)+ 1.5

y_lh = (-1.24*x**¥2)+(1.02%x)+ 1.37
y_lpointSh = (-1.21%x**2)+(1.04%x)+ 1.27
y 2h = (-0.94%x**2)+(0.76%x)+ 1.18

fig = plt.figure()

11 = plt
12 = plt
13 = plt
4 = plt
15 = plt
16 = plt

.plot(x,
.plot(x,
.plot(x,
.plot(x,
.plot(x,
.plot(x,

y_15min ,'y", label

y_30min ,
y_45min ,
y_1h ,'b",

y_1lpoint5h

y_2h , k",

m
r

= "15min")
', label = "30min")
', label = "45min")

label = "1h")
,'g", label = "1.5h")
label = "2h")

plt.title( 'Possible overlaod time')
'upper right')

plt.legend(loc

plt.xlabel('I_init/ I_rated’
plt.ylabel('I overload/ I_rated')
plt.grid('on")
plt.axis([0.5,1.0,1.0,2])
plt.show()

)
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