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This thesis looks at electrical safety from a product design perspective. It reviews the basics
of electrical safety and clarifies the details that affect it. A literature review based on
standards will be used as a research method. The subject area of electrical safety is found to
be well standardised and the organisational structures involved in standardisation are briefly
discussed. Mandatory and normative references in standards are also explained.

As a case study, the insulation design of a 1.5 kV stationary battery storage is discussed in
detail. In addition, the need for modifications compared to the 1.0 kV mobile battery on
which this product is based is explained. Testing of the implemented insulation is excluded.
In the summary is emphasized the familiarity of the standards in force in the intended market
area of the product.
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Tassa tyossa perehdytddn sahkoturvallisuuteen tuotesuunnittelun ndkokulmasta. Tyossé
kaydaan lapi séhkoturvallisuuden perusteet ja selvennetdan siihen vaikuttavat
yksityiskohdat. Tutkimusmenetelmand  kéytetdén standardeihin pohjautuvaa
kirjallisuuskatsausta. Sahkoturvallisuuden aihealueen todetaan olevan hyvin standardoitu ja
tyodssa kaydaan lyhyesti 1api myods standardoinnin parissa toimivat organisaatiorakenteet.
Myaos standardien velvoittavat ja ohjeelliset viittaukset selitetdan.

Tapausesimerkkind kaydaéan yksityiskohtaisesti lapi 1.5 kV stationddrisen paikallisakun
eristyssuunnittelu. Lisaksi selvitetddn muutostarpeet kyseisen tuotteen pohjana olevaan 1.0
kV mobiilikdyttoon tarkoitettuun akkuun néhden. Toteutetun eristyksen testaus on jatetty
tyon ulkopuolelle. Yhteenvetona painotetaan tuotteen suunnitellulla markkina-alueella
voimassa olevien standardien tuntemista.



ABBREVIATIONS

BESS Battery Energy Storage System

BMS Battery Management System

BMU Battery Management Unit

PWB Printed Wiring Board (a.k.a. Printed Circuit Board)

CTlI  Comparative Tracking Index

ELV Extra Low Voltage

EMC Electromagnetic Compatibility

HV  High Voltage

HVIL High Voltage Interlock Loop, also Hazardous Voltage Interlock Loop
IMD Insulation Monitoring Device

IP Ingress Protection

IT Isolé Terre, a Low Voltage network disconnected from earth
Li-lon Lithium lon

LV  Low Voltage

LVD Low Voltage Directive

PE Protective Earth

PEC Power Electronic Converter

PDU Power Distribution Unit
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1. Introduction

Production of renewable energy is increasing at an accelerating pace. Main driver for the
production increase of this energy type is the need to decrease carbon dioxide emissions to
atmosphere. In electricity generation, solar and wind power in particular are practically
emission-free, except for the construction of equipment and facilities. These types of power
plants are increasingly being built worldwide. However, the problem with these forms of
energy production is the variable output of production due to climatic dependencies. At the
same time the continuous balance of electricity production and consumption in the
distribution network is of paramount importance for voltage and frequency management of
the grid. This means that, for example, in calm or cloudy weather, if wind or solar power
output collapses, the grid needs balancing power from other sources to maintain the balance.
Similarly, if these power plants produce more electricity than is consumed, the excess

electricity should be able to be stored for later use.

Storing electrical energy as chemical energy in Li-lon battery storage is one solution to the
challenges of buffering electrical energy. In practice, even a large a Li-lon battery storage
consists of individual battery cells connected in series and in parallel. However, the single
cell design does not take into account the higher voltages used in storages. Therefore, the
design of a high-voltage battery storage must take into account, among other things, the
necessary insulation distances in the implementation. This work focuses on the electrical

safety of a Battery Energy Storage System in the low voltage category below 1.5 kV DC.

1.1 Objective of the thesis

Valmet Automotive EV Power Oy has an existing 1.0 kV modular electrical energy storage
system for mobile applications. The objective of this thesis is to determine the required
changes from electrical safety point of view when designing a stationary 1.5 kV system. The
thesis focuses exclusively on the electrical safety requirements valid in the EU market area.

The research methodology is a literature review based on standards.



The required changes from the 1.0 kV mobile solution to a 1.5 kV stationary for insulation
requirements are determined. Electrical safety implementation must take into account the
intended market for the equipment and the standards in force in that market. The main focus
of the study will be to meet the electrical safety standards prevailing in the EU market area.
For other market areas further studies are needed. The aim is to achieve consistency with the
required standards, so that the equipment can be considered to meet the electrical safety

requirements of these standards.

1.2 Scope of the thesis and delimitations

The focus of this thesis is on electrical safety of a stationary Battery Energy Storage Systems
(BESS). The delivery entity is a 1.5 kV Li-lon module, several of which are installed in a
storage container. In particular the protection against electric shock and the protection
methods related to it are studied, with focus on the required electrical safety distances for

insulation.

High voltage installations above 1000 VAC and above 1500 VDC are excluded from the
general study. The approach to the study is electrical and mechanical product design
excluding testing, EMC, software operation and functional safety. The software of the
battery management system is capable of real-time monitoring of the required insulation
level and component temperatures, voltage and current levels, and the status of fuses and
contactors among other things. The software can therefore contribute to verifying the
functionality of the physical implementation of electrical safety in real time, implementing
parts of the safety requirements for the equipment and creating additional layers for the safe

operation and use of the equipment.

In contrast to the starting point of the existing 1 kV system, this thesis focuses on the
requirements of a stationary battery storage system rather than on mobile applications.
Verification of the results obtained by tests is excluded from the scope of the thesis due to
time constraints. The thesis does not address safety labelling and the practical requirements
for the installation and maintenance of the battery module in the storage container. The
electrical interfaces of the module to the storage container are the potential equalization to

the container structure, the extra low voltage interface to supply the BMU, control interface



and the LV interface to the network inverter. The work focuses on the EU market
requirements for electrical safety. Managing the exact requirements of different market areas
in the time given for the thesis is excluded. Especially when aiming outside one's own market
area, cooperation with a certification body familiar with the region is essential to minimize

commercial and safety risks.

1.3 Structure of the thesis

The study is divided into three main sections. The first section looks at electrical safety in
general and the main concepts and implementation methods involved in the design phase of
a product. In the second part, the electrical safety implementation of an energy storage
container based on 1.5kV lithium-ion cells is studied in practice. In the third part, the results
of the work are summarized, and further measures for the project and shortcomings

identified during the work are presented.

1.4 Background

Valmet Automotive EV Power has published a modular battery system intended primarily
for mobile off-highway machines (Figure 1). The system consists of 48V modules that can
either be used as stand-alone units as such, or be connected in series to achieve the desired
voltage level. In a system of series-connected modules, the system also includes a power
distribution unit (PDU), which contains the battery management unit (BMU), contactors,
fuse protection and interfaces to the vehicle consisting of BMU supply voltage,
communication interface and main power circuit. The existing system is rated flexible up to

1 kV depending on the number of modules connected in series and it is safety certified.



Figure 1. Valmet Automotive’s modular Power Pack building blocks: a single 48V module
to the right, PDU unit to the left. (Valmet Automotive, homepage)

Based on the current system, a stationary battery storage system with a higher voltage of 1.5
kV will be designed. As safety certification is a very heavy process, the design will use as

many carry-over blocks from the existing system as possible. The work examines the

10

changes required by electrical safety for the higher 1.5 kV voltage rating compared to the

existing 1 kV system, and determines new values for the required parameters.

The definition of voltage ranges is not completely unambiguous. IEC, ANSI C84.1-1989

and IEE 141-1993 define low, medium and high voltage ranges in slightly different ways. In

addition, contrary to the IEC definition of voltage ranges for fixed electrical installations

(Table 1), the automotive industry uses A and B classifications with subclasses (Table 2).

Voltage band a.c. d.c.
HV >1000V >1500V
<1000V <1500V
Lv ELV <50V <120V

Table 1. Limits for voltage bands. (IEC 61140)
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It is common practice in the vehicle industry to refer to Class A circuits as LV circuits and
Class B circuits as HV circuits. Therefore, Valmet Automotive EV Power’s current system
with series connected modules is called a HV-system. However, in this thesis the IEC
classification (Table 1) of HV (High Voltage), LV (Low Voltage) and ELV (Extra Low
Voltage) for voltage bands is used.

Maximum working voltage
Voltage class : :
DCinV ACin V (rms value)
0<U=<60 0<U=<30
B 60<U=<1500 30<U=<1000
B1 60<U=<75 30<U=<50
B2 75<U=<1500 50<U=<1000

Table 2. Voltage classes used for road vehicles. (ISO 6469-3)
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2. Electrical safety in general

On high level, electrical safety is considered as measures taken to prevent any harm caused
by the use of electrical equipment to human, property or domestic animals. The concept of
electrical safety includes the protection against electric shock, electromagnetic and voltage
disturbances, overheating, overcurrent, fault current and interruption of supply (IEC 60364-
1). Electrical safety must be taken into account both in the design, installation, and use as
well as decommissioning of the equipment. This thesis concentrates on preventing the direct

hazards of electricity, i.e. electric shock and electric arc in the design phase of the product.

2.1 Briefly on standards and standardization

Standardization aims to give commonly agreed approaches to fulfil requirements set to
recurring tasks. Depending on standards, the target can be e.g. safety, compatibility,
competitiveness or environmental protection. By following relevant standards, it can be
presumed that the task or product complies with the requirements set to it. However, the

nature of standards is more informative recommendations than binding documents.

When designing electrical devices falling to the LV category (50-1000VAC or 75-
1500VDC) for EU area, it is highly recommended to follow the Low Voltage Directive
(LVD 2014/35/EU). LVD gives a set of harmonized standards, and by following these
standards the legal requirements can be considered fulfilled. Currently the list of harmonized
standards for LVD includes 897 standards covering a wide range of apparatus. The relevant
standards for the application in question shall be selected. It is not mandatory to use the
harmonized standards, but verifying the safety of the device in some other way will be more
difficult. Using standards is the most straight forward way of working. Also, it can be noted,
that the list of harmonized standards does not cover all the needed standards for certain

applications.

Organizations are working on standardization on multiple technical areas and regions
resulting on different coverages of the outcoming standards. Which standards a product
should follow, depends on the target market area and application of the product. Figure 2 is
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an example showing the standardization organizations working on different fields of interest

and the Finnish aspect of split to international, regional and national organizations. As

several regions and most nations have organizations for standardization, the number of

organizations working on these is quite remarkable. Figure 3 shows some regional

standardization organizations.

Electrotechnical General Telecommunication

IEC

International International 1SO ITU

(Worldwide) Electrotechnical International Organization International Telecommunication
Commission for Standardization Union

X CENELEC

Regional European Committee CEN ETSI

(European) for Electrotechnical European Committee European Telecommunications
Standardization for Standardization Standards Institute
SESKO SES

National f R Traficom

(Finland) Electrotechnical Suomen Standardoimisliitto

Figure 2. National (Finnish) aspect to standardization organizations

Name

Worldwide | Regional

International Electrotechnical Commission (IEC)

*

International Organisation for Standardisation (I1SO)

*

European Committee for Standardisation (CEN)

European Committee for Electrotechnical Standardisation (CENELEC)

Society of Automotive Engineers International (SAE)

British Standards Institution (BSI)

American Society of Testing and Materials (ASTM)

UL Standards

Figure 3. Standardization organizations working on different regions. (defacto-project.eu)

In Figure 4 is shown briefly how the standardization landscape for Lithium-lon batteries

currently covers the battery life cycle from cell manufacturing to the collection of

decommissioned batteries, again from Finnish point of view.
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SFS-EN 62619:2017  SFS-EN 45558:2019
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SFS-EN 45558:2019

o . 5 CLC/TS 50625-4:2017:fi IEC 63218:2021
® © e} ® o——o
ys/uljet ' g fhuje ke & " Kaytosta poistettujen Akun poistaminen
akkujen kerdaminen kaytosta

Figure 4. The lifecycle of Lithium-lon batteries from standardization view point (SESKO

vuosijulkaisu 2021).

Standards typically have references to other standards as normative and informative
references. Normative references are binding in order to comply with the standard in
question, as where informative references are there to help understand the concepts in the
standard and give examples. This means, that the relevance of at least all normative

references to the application in question has to be cross-checked.

2.2 End use application standards

End use application standards define requirements that are specific for certain type of
devices. For example, batteries based on lead chemistry have partly different end use
application standards than Lithium-lon batteries. Therefore, it is important and sometimes
challenging to find the right standards to follow. In many cases the basic safety publications,
e.g. for electrical safety, are the same, but these have to be checked case by case. The end
use application standards are more explicit on how to interpret the basic safety and normative
reference standards for the specific application, but can also include additions, deviations

from references or give additional requirements.
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2.3 Electrical hazards

Direct electrical hazards to humans or livestock are caused by the risk of electrical shock or
exposure to arc caused by high current. In addition, a hazard can appear through the use
environment when a static discharge ignites flammable gases. Protection against the dangers
caused by arching can be taken into account in design by the selection of disconnection
devices and fuses, and by preventing disconnection of power lines under load. The latter can
be realized e.g. mechanically by interlock loops or by driving down currents in a controlled
manner before disconnecting power lines. The dangers of arching are especially present
during maintenance and service of equipment where there is no possibility of disconnection
and work is done live. An example is assembly or service of a large battery pack on the cell
side before disconnection contactors. Here work instructions and personal protection
equipment are of great importance. Methods for protection against electric shock are

described later in this thesis.

When designing a product, the following aspects to be considered from electrical safety point

of view are:

- Cross sectional area of conductors

- Type of wiring and installation methods

- Protective equipment

- Emergency control

- Disconnection devices

- Prevention of mutual detrimental influence
- Accessibility of equipment (IEC 60364-1)

When dimensioning the cross section of conductors both normal use cases and fault cases
must be considered. By correct dimensioning the temperature, voltage drop, maximum
impedance required by short circuit protection and mechanical stresses caused by short
circuit currents are controlled. Especially with large battery storages short circuit currents
can be tens of kiloamperes, causing significant electromagnetic forces to conductors.
Furthermore, when defining the type of wiring, the voltage levels, requirements set by the

environment and electromagnetic disturbances have to be considered.
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Protective equipment is used to protect the equipment against e.g. overcurrent, short circuit
currents, ground fault and under- or over voltages. Selection of appropriate protection
equipment is fully dependent on the functional requirements for the equipment and the
characteristics of the supply network. The need to disconnect the equipment from the supply
in case of emergency has to be taken into account in the design. Emergency disconnection
can be implemented with e.g. a manual emergency switch or automatically with contactors

controlled by software.

Disconnection devices are used to separate the equipment from the supply both in normal
use cases and in fault, service and maintenance cases. In selection of the disconnection
devices in addition to normal use, short circuit currents in fault conditions and the type of
the supply grid have to be considered. Disconnecting from DC-supply brings along some
extra challenges compared to AC-supply, where the possible arc breaks more naturally in

the voltage zero-crossing point.

In the design of equipment, the possible influences to safe use other equipment nearby must
be considered, as also the possible influences from other equipment to the one being
designed. Possible paths of influence are e.g. EMC and voltage over- or undershoots caused
by switching of equipment. Easy access to equipment is also important from personal safety
aspect especially in maintenance and service cases. Whenever possible, live parts should be
touch protected to enable working without live work. In large equipment also sufficient work

space ensures safe work.

2.4 Fundamentals of protection against electric shock

The fundamentals of protection against electric shock are presented in IEC 61140 standard
“Protection against electric shock. Common aspects for installation and equipment”. IEC
601140 is a basic safety publication and depending on the end use application standard, it
can be referred to directly as a normative reference. Normative referencing requires that the
contents of the reference must be understood and used to implement the main standard. IEC
61140 covers both low voltage (LV) and high voltage (HV) systems. (IEC 61140, 1.)

As standards in general, also IEC 61140 has several normative standards it points to. These

normative standards are necessary to take into account when applying this basic safety
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publication. When designing end applications, the validity of these normative standards for
the design in question should be checked. E.g., for designing low voltage applications,

references to high voltage standards are not valid.

Electric shock refers to the physiological effects of electric current flowing through the
human body. To avoid the current caused by voltage differences, the accessible conductive

parts of the apparatus shall not be hazardously live under two conditions:

- Innormal operating conditions for the intended use
- Under single fault condition (IEC 61140, 4.1.)

Therefore, designing protection against electric shock consists of 1) basic protection against
direct contact with live parts under normal working conditions and 2) measures to protect in
case of asingle fault, i.e., fault protection. Basic protection consists of basic insulation and/or
enclosures. Fault protection consists of potential equalization, isolation resistance,

considering capacitive couplings and in some cases supplementary / reinforced insulation.

2.5 Elements of protective measures

The measures to implement both basic and fault protection are introduced in the next
chapters. All protective measures shall be implemented in such a way, that when the
apparatus is used and maintained as intended, the protection is fully functional for the whole
estimated lifetime of the apparatus. (IEC 61140, 5.1.)

2.5.1 Basic protection

Basic protection of low voltage electrical device protects the user from direct contact to the
live parts of the device under normal operating conditions. Therefore, touch protection is an
essential part of basic protection. The requirement is to use for basic protection at least one

of the following methods:

- basic insulation

- enclosures
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- Obstacles

- placing out of reach

- limitation of touch voltage

- limitation of energy

- or any other suitable method compatible with the requirements of basic protection
(IEC 61140 5.2).

In the following chapters basic insulation and enclosures are look at in more detail.

By using basic insulation or enclosures, live parts are encapsulated out of reach with either
insulating material or enclosures. When basic insulation is implemented with solid
insulation, rated impulse voltage, maximum working voltage and the working temperature
range of individual parts is considered to select materials for insulation. When using air as
basic insulation for low voltage devices, access to live parts still has to be restrained. This
can be implemented by using enclosures. Basic insulation inside the enclosure is
implemented by clearance and creepage distances. For closer details on these, see chapters
2.6.8 and 2.6.9 under insulation coordination.

Enclosures must prevent access to live parts by fulfilling IPXXB or IP2 levels according to
IEC 60529. IP stands for ingress protection, where IPXXB is finger protection and IP2X is
protection from foreign objects larger than 12,5mm. However, for easily accessible top
surfaces of enclosures the requirement is IPXXD or IP4X, which stand for access against
wire or objects larger than 1,0mm. This additional requirement reduces the risk of small
falling objects entering the enclosure. (IEC 61140 5.2.3)

Enclosures must be mechanically robust enough for the intended use environment. If the
enclosure is accessible and made of conducting material, such as steel or aluminum, also

potential equalization must be implemented as part of fail protection.

If the enclosure or shield can be removed exposing live parts for access, the removal or
opening shall require keys or tools. Alternatively, opening shall be possible only after
disconnection from supply circuit, while ensuring that reconnection of supply is possible
only after closing the enclosure. For example, the cover of the enclosure can be connected
to High Voltage Interlock Loop (HVIL) to automatically disconnect the supply in case of
opening the cover. If protection is based on disconnecting the device from supply in e.g.

service cases, the internal capacitances shall be discharged within 5 seconds to safe levels
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(limitation of touch voltage). Alternatively warning signs indicating the required discharge
time can be used (IEC 61140 8.3). Here also intermediate barriers inside the enclosure can
be used to slow down access to live parts allowing voltages decrease to safe level. (IEC
61140 5.2.3)

2.5.2 Fault protection

The requirement of fault protection is to guarantee electrical safety under any single
foreseeable fault condition, i.e. the accessible conductive parts of the device are not

hazardously live. At least one measure independent from basic protection shall be used:

supplementary insulation

- equipotential bonding

- protective screening

- automatic disconnection of supply

- single separation between circuits

- nonconductive environment

- potential grading

- or other any other suitable method compatible with the requirements of fault
protection (IEC 61140 5.3).

Supplementary insulation is an additional insulation for fault conditions and it shall be
dimensioned to withstand the same stresses as basic insulation. Equipotential bonding, also
known as potential equalization, prevents hazardous touch voltage differences from
appearing by bonding conductive parts of equipment to same potential. All conductive parts,
e.g. conductive enclosures, that may become live during a fault condition, shall be connected
to the equipotential plane.

Impedance between the interconnected parts must be small enough to prevent the generation
of hazardous touch voltage caused by the fault current. Here might be differences on the
required impedance level depending on the end use standard, environmental effects and the
estimated fault current levels of the devices. All parts of the equipotential path must also
withstand the maximum fault current and mechanically endure all foreseeable conditions

caused by e.g. vibration or corrosion of the mating surfaces. In LV systems it is typical to
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use the ground plane with PE conductor as equipotential plane. In this case the impedance
of the equipotential path carries the concept of ground continuity. Protective screening, in
turn, is a conductive shield connected to equipotential plane used between the hazardous
parts and the parts to be protected. (IEC 61140 5.3)

When using automatic disconnection of supply, the system shall also use equipotential
bonding. Disconnection shall take place, if a fault occurs between live conductors and
exposed conductive parts or PE conductor. Required disconnection time depends on the
touch voltage generated by the fault current. (IEC 61140 5.3)

Disconnection devices shall disconnect the device from all live conductors of the supply.
When in disconnected position, the disconnection devices must withstand the rated impulse
voltage that applies to this case. (IEC 61140 8.4)

Various grades of insulations can shortly be explained as follows: basic insulation is an
insulation that gives basic protection. Supplementary insulation is used in addition to basic
insulation to give fault protection. Double insulation includes both basic and supplementary
insulation, and they can be separately tested. Reinforced insulation then again, which is a
measure of enhanced protection, gives the same protection as double insulation, but the
insulation layers can not necessarily be separately tested. Functional insulation is necessary
only for proper functioning of the device, and as such has no direct effect on electrical safety
(IEC 60664-1). (IEC 61140 3.10)

For clarification, Figure 5 below shows the required measures to be used with both basic and
fault protections. As can be seen, there is also the option to use other, novel measures for
implementation as long as they are compatible with the safety requirements. This leaves

room for innovation without direct requirements to update safety standards.
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Measures

Provisions

Basic protection (5.2)

Fault protection (5.3

( \
) Basic insulation(5.2.2) Supplementary insulation(5,3.2)
Protection by double or 4
reinforced insulation | | |
(6.3) t.\
N Reinforced Insullation(5,4,2)
. i |
~
Basic protection methods Protective-equipotentiabbonding (5.3.3)
- basic insulation(solid) {(5.2,2.1) One or combination of
. . - A - protective-equipotentizHbanding
Prctectmg(:::d?:;malenhal \ - basic insulation by air(5.2.2.2) with: (in the installation)
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Figure 5. Protective measures and their provisions with basic and fault protection. (IEC

61140 A.1)

2.6

Insulation coordination

For low voltage installations and systems, the principles of insulation coordination are

presented in IEC series of standards 60664. IEC 60664-1 presents the principles,

requirements and test for insulation coordination, and IEC 60664-3 presents the use of

coating materials for protection against pollution. Insulation coordination is a part of
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electrical safety design minimizing the risks due to voltage stresses affecting the equipment
(IEC 60664-1 4.1). The three components used to implement insulation coordination are

clearances, creepage distances and solid insulation.

In general, insulating materials are used to implement isolation required by the system.
Insulating materials can be gases, such as air, liquids or solid or a combination of these,

depending on the application.

Parameters affecting the design of insulation are the following:

voltages influencing over the insulation

overvoltage category

- frequency

- pollution degree

- insulating materials

- environmental factors

- distribution of the electric field. (IEC 60664-1 4.1.)

2.6.1 Insulation dimensioning voltages

For insulation design, the relevant voltages over the insulation are transient overvoltages,
temporary overvoltages, recurring and steady state peak voltages plus steady state working
voltage (IEC 60664-1 4.2.1). These are defined in detail in the standard mentioned. For a
battery implementation, significant of these are transient overvoltages, steady state voltage

and temporary overvoltages.

As Lithium-lon batteries have a low internal impedance, they effectively suppress any
moderate overvoltages over the terminals allowing the induced current to charge the cells.
In addition to this, the BMS system will disconnect the battery from the grid inverter in case
the cell voltage rises over the allowed limit. Steady state working voltage for a battery is the
highest voltage of the fully charged battery. This voltage can be seen across the negative and
the positive terminals of the battery, and also in fault cases possibly between a terminal and

the grounded cover parts.



23

For transient voltages there are several types of transients to consider. IEC 60664-1 4.2.2

lists the four following types:

transients generated by atmospheric disturbance entering through the mains supply,

transients generated by load switching on the mains supply (e.g., load dump),

transients generated by external circuits and

transients generated internally in the circuitry

Whichever of these transients has the highest magnitude, shall be used for clearance
dimensioning of the system. It can be noted, that for BESS’s there usually are no internally
generated transients because of the low internal impedance of the battery. For defining
transients of atmospheric origin or load switching from the main supply grid, a combination
of the rated supply voltage and overvoltage category are used to determine the impulse
withstand voltage. The impulse withstand voltage is used for clearance distance
dimensioning, just as other transient voltages, but it takes into account the location of the
system in relation to the supply grid. Figure 6. The path of atmospheric transient voltage
from lightning strike to end equipment (IEC 60364-4-44)shows an example of transient

voltage path from lightning strike to the end equipment.

I —3 2
- i Iz -
. 4
1f‘ e T
— - Lec LPCII
Lpc, IEC

Figure 6. The path of atmospheric transient voltage from lightning strike to end equipment
(IEC 60364-4-44)
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2.6.2 Overvoltage category

The concept of overvoltage category is used for equipment supplied directly from the mains
supply. Overvoltage classification has a probabilistic approach to the attenuation of transient
overvoltages along the installation path, caused by inductances and capacitances that are
characteristic of the transfer lines. Overvoltage category together with the rated supply
voltage is used to determine the impulse withstand voltage as shown on simplified process
on Figure 7. Principle of using overvoltage category with the rated mains voltage to define
clearance distance(IEC 60664-1 4.3.)

Rated supply voltage of mains + overvoltage category

|

Impulse withstand voltage

|

Clearance distance to withstand transient overvoltages

Figure 7. Principle of using overvoltage category with the rated mains voltage to define
clearance distance

Equipment that are supplied directly from the mains supply are divided to four overvoltage
categories depending on the location of the installation. Equipment of overvoltage category
IV have a the highest withstand of impulse voltage and are used at the origin of the
installation on the mains supply side. In contrast to this, category | equipment have the lowest
withstand of impulses and can be used in fixed installations on the load side of the supply

only with external transient voltage suppressors. (IEC 60664-1 4.3.2.)
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2.6.3 Frequency

The tolerance of clearance and creepage distances and solid insulators against applied
voltage is inversely proportional to the frequency. This means, that with higher frequencies
the probability of electric breakdown is higher. IEC 60664-1 and its dimensioning tables

cover voltage insulation coordination up to 30kHz.

2.6.4 Pollution degree

Pollution degree is a mean of describing surface contamination of the micro-environment
inside the equipment. The classification is according to the amount of dry pollution and
condensation present in the equipment. Pollution here means material, that inside the
equipment can conduct electricity and affect the insulation. Pollution can be internally
generated for example by abrasion, or be of external origin either during the use of the
equipment or already during the manufacturing phase. Nonconductive pollution does not
affect insulation, but it can become conductive due to condensation. Condensation due to
e.g. the operating environment has to be considered both when designing the insulation of
the equipment, and deciding on possible pressure balancing or drainage. The classification

has four degrees as follows:

- “Pollution degree 1 has no pollution or only dry, nonconducting pollution which has
no influence” - examples: cleanrooms, inside of electrical measuring instruments

- “Pollution degree 2 has nonconduction pollution, which occasionally turns
conductive due to condensation” — examples: laboratories, household appliances

- “Pollution degree 3 has conductive pollution or it is expected that nonconductive
pollution becomes conductive due to condensation” — examples: electrical equipment
in industrial areas, low voltage switchgear

- “Pollution degree 4 has continuous conductive pollution due to dust, rain or snow” —

examples: outdoor use, equipment at electrical locomotives underground

In short this means, that the classification for pollution degree is very rough scaling from
cleanrooms to out in the open on a four-step scale, as can also be seen on Table 3. (IEC
60664-1 4.5.2.)
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Pollution Degree 1 Pollution Degree 2 Pollution Degree 3 Pollution Degree 4

Electrical equipment in
industrial and farming
areas

Clean room Equipment being
environments evaluated to BO350

Electrical equipment for
outdoor use

Inside of sealed

Laboratories Unheated rooms
components

Test stations Boiler rooms

Office environment

Table 3. Examples of pollution degree classification (www.ni.com, white papers)

According to IEC 60664-3, electronics on PWB under a coating is seen as PD1 environment.
However, the assembly site of the PWB is not necessarily a cleanroom area and it still has
some particles moving around. This means that some of these particles will also end up under
the coating. Therefore, even under PD1 conditions we can have a tightly controlled number
of particles in the micro environment. This also shows how rough the four-step scale for

pollution degree is.

Pollution degree influences the dimensioning of creepage over surface, but does not
influence clearance dimensioning. However, as for very small clearances dust or other
pollution might bridge the gap, IEC 60664-1 gives minimum values for clearance under
different pollution degrees (IEC 60664-1 5.2.3.5).

2.6.5 Environmental factors

The most important environmental factors affecting the design of insulation are humidity,
altitude, temperature and vibration including shocks. These can affect either material

properties or have a physical mode of action to dimensions.

Especially strong changes in temperature can lead to moisture condensation on surfaces of
the system. The condensed moisture increases the conductivity of the pollution on the
surfaces reducing the withstand of transient voltages. Also individual condensed drops of

water reduce the withstand, which means condensation has to be taken into account when
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defining the pollution degree for the application. The operating environment has to be
considered also when deciding on insulating materials, as some insulators are moisture
absorbing. As moisture on the surface of the material, also the absorbed moisture can have

a significant effect on the material behaviour in an electric field.

Reducing air pressure has a directly proportional impact on the breakdown voltage of air
according to Paschen’s law. Thus, a higher specified altitude for use requires larger air
distances to the equipment, i.e. clearance. IEC 60664-1 has table values for clearance for
altitudes between 0 to 2000m. For altitudes higher than 2000m, correction factors to the table

values are used increasing the outcome.

Temperature can have an effect on physical properties of insulating materials. Especially
plastics tend to get softer with the rise of temperature leading to part deformation, or might
get brittle in low temperatures leading to fractures. This shall be taken into account on
mechanical design. Electrical properties of insulating materials don not usually change

significantly with temperature, but this has to be verified case by case.

As designed minimum values for safety distances (clearance and creepage) have to apply in
all use conditions, also the worst cases for vibration and shocks have to be taken into account
in mechanical design. Mechanical impacts during transportation have to also be considered,
especially for battery storages where parts of the system are always energized. The load
profiles of vibration have to be considered, as for example transportation and seismic activity

have very different frequencies and forces impacting the system.

2.6.6 Distribution of electric field

The evenness of the electric field strength between two potentials has an effect on the
dimensioning of insulation, be it e.g. air or solid material. Pointy shapes on a potential plane
concentrates the local electric field in that area making the field inhomogeneous.
Dimensioning insulation with homogeneous electrical field distribution leads to smaller
dimensions than with inhomogeneous field, but in practice this can seldom be done. Real
fields are a mixture of these two field types, which results to using inhomogeneous field type

for dimensioning as worst-case basis. (IEC 60664-1 4.9.)
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2.6.7 Solid insulating materials

Electric strength of solid insulators is typically much higher than that of air, meaning that
even thin layers can withstand great electric fields without breakdown. However, as the
tendency, especially in mobile applications, is for higher energy densities on system level,
depending on application also the importance of minimizing solid insulation thicknesses is
growing. As in these cases the distance through the material is much smaller than in the

respective clearance, this results in high electric stress to the solid insulation.

Solid insulating materials must withstand electrical, mechanical and environmental
influences for the whole lifetime of the product. Electrical stresses come in the form of
continuous and transient voltages over the insulation. Both have to be taken into account
when selecting the insulator material, as there are differences in material behaviour under
long term electric fields. Dielectric strength of insulating plastic materials is usually

expressed in kV/mm.

Mechanical stresses to insulators are typically different forms of vibrations and shocks.
Especially with thin foil type insulators the roughness of mating surfaces can easily damage
the insulation. The same is valid with even small particles pressing against a thin insulator.
Also, thermal expansion can present extra forces to the material. Humidity as an
environmental factor directly influences some materials through absorption, and temperature

in short or long term can influence insulating material properties.

It must also be noted, that if a breakdown through solid insulation occurs, the damage is
irreversible. After the event there is a permanent, easier pathway through the material for

current flow resulting in a lower voltage withstand than designed. (IEC60664-1 4.6)

2.6.8 Clearance

Clearance is the shortest distance in air between two electrically conductive parts. Clearance
is also used as a method to implement the required grade of insulation, i.e. basic,

supplementary or reinforced insulation. For determining the minimum required clearance,
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the effective voltages across the air gap according to chapter 2.6.1, electric field conditions
according to chapter 2.6.6 and altitude are considered (IEC 60664-1 5.2.1). Whichever of
these voltages cause the highest electric field to the air gap is used for dimensioning. Unless
specifically studied that the electric field in the gap fulfills the criteria of homogenous field,
inhomogeneous field is used. Based on given values, IEC 6064-1 Annex F gives table values
for dimensioning clearance values that are valid up to altitude of 2000m. In this table it can
also clearly be seen, that pollution degree does not have a significant influence on clearance.
For higher altitudes table A.2 in the standard gives correction factors for the air gap. IEC
60664-1 deals only with air as gaseous insulator for clearance.

2.6.9 Creepage

Creepage is the shortest distance along the surface of a solid insulating material between two
conductive parts (IEC 60664-1 3.1.4). Material properties have a significant effect on the
minimum adequate creepage distance. When organic based insulating materials have small
discharges on their surface, the discharge energy tends to locally carbonize this material. In
time, several local carbonized points can form a carbonized track for easier current flow on
the surface of the material. This eventually destroys the properties and function of the
insulator. To characterize the insulating material susceptibility to this tracking phenomenon,
the material can be tested for a so-called CTI value. CTI is tested according to IEC 60112
with different voltage levels to find out the maximum voltage the material can tolerate
without failing. (IEC 60664-1 4.6.3)

Based on the tested CTI value of materials, they are sorted to four material groups, where
material group | has the highest tolerance against tracking and group Il1b has the lowest.
These material groups are then used by IEC 60664-1 to dimension the required creepage

value.

- “material group I: 600 CTI”

- “material group I1: 400 CTI < 600~

- “material group Illa: 175 CTI < 400”

- “material group Illb: 100 CTI < 175” (IEC 60664-1 5.3.2.4)
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Creepage distances longer than respective clearance are needed for insulating materials to
avoid failures caused by tracking. For glass and other non-tracking inorganic materials like
ceramics, creepage can be the same as clearance (IEC 60664-1 4.6.3.4). Minimum required
values for creepage are taken from IEC 60664-1 annex F Table F.5. In this table stresses

caused by long term overvoltage, pollution degree and material group are taken into account.

In Figure 8 is shown a clarifying mind map of parameters influencing both clearance and
creepage. It must be remembered, that the defined values are minimum required and shall
be valid in all conditions. Therefore, any possible mechanical loads on the structure shall be

considered.
Condensation j _VDA19
T Particles *~
Ingress protection
/ o -
Pollution degree (PD) LV‘1'23
Voltages

—_ Insulation coordination:
clearance + creepage +

solid insulation

/

Altitude

Mechanical loads

Figure 8. Mind map of parameters influencing clearance and creepage distances.

2.7 Protection against overcurrent

In addition to electric shock, overcurrent and short circuit currents can present hazards to
users and property. The general high-level requirement is to use protective devices to cut off
the circuit current before any damage to insulation, connectors, conductors or other parts of
the circuit is inflicted by heat, electromagnetic or mechanical forces (IEC 60364-4-43). Here

also short circuit current is considered as overcurrent.
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Overcurrent protection shall be matched with conductors in such a way, that the conductors
are protected from overheating also with long term maximum designed current. The
protective devices shall withstand at least the maximum prospective short circuit current of
the system. For short circuit currents, 1%t value is used to express the thermal energy a
component can withstand. For proper dimensioning, 1%t value of the protective device must
be lower than the circuit being protected. This means that the protection will trig before
damages to the circuit will occur. (IEC 60364-4-43)

When selecting the device for overcurrent protection, the differences of AC and DC circuits
must be kept in mind. For example, fuse melting behaviour and maximum allowed voltage
are affected by the system time constant. Also, in DC systems the natural voltage zero-
crossing does not assist arc suppression as in AC systems. (Eaton Bussmann series
application guide 10507)
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3. Case: 1.5kV stationary battery storage module

This chapter describes the implementation of previously depicted measures for electrical
safety of 1.5kV battery modules for a stationary battery storage. Due to trade secrets, no

close details of implementation are exposed.

3.1 Description of the storage

The equipment in question is a 1.5kV Lithium-lon battery module with capacity of several
hundreds of kWh. The modules can further be connected in parallel into a container to
multiply the capacity of the end system. Figure 9 shows a general example of the
implementation of a BESS container. In this example picture the module is called a Lithium-
lon battery. This part of the thesis goes into electrical safety details of implementing such a

module.

Battery Energy Storage System

HVACS (Heating, Ventilation, Air Conditioning System)

Energy Control System / \

Controls charging and

discharging of batteries Iy . ’,u 6 foot

f+-8.5 ﬁ-"l man

} 4

95t

Lithium-lon
Batteries

(less commonly, they
can be lead-acid)

DC Disconnect Switch
Allows system to be disconnected

1 wholly inadequate\ remotely or manually when needed
fire extinguisher

Figure 9. Example of a BESS structure and implementation. (Innolia Energy, homepage)
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One battery module consists of at least hundreds of discrete Lithium-lon cells connected in
series and parallel. Included are also cell supervision circuits, the necessary voltage, current
and temperature measurements as also the BMU (Battery Management Unit). An external
main controller is used to drive the module, but the module alone is intrinsically safe also
without the external controller. External electrical interfaces of the module are potential
equalization of the conductive frame to the storage container, communication interface to
the external main controller, extra low voltage interface for BMU supply voltage and HV

interface to grid inverter.

Target use for the storage container consisting of multiple battery modules is electrical buffer
in low voltage grids, e.g. next to wind or solar power plants. Important parameters for the

design regarding electrical safety and insulation coordination are:

- Battery system voltage: 1500V nominal working voltage

- Maximum altitude: 3000m for both operation and storage

- Continuous current: 175A

- Supply grid to be connected to: low voltage grid AC (according to IEC classification)
- IP class >IP20

- Pollution degree: to be defined

- Ambient relative humidity: up to 95%

- Ambient temperature (for material choices), +15...+40°C operational

- Module output DC terminals with connectors

Calculated safety distances shall be fulfilled in all conditions, including different vibrations
and shocks (IEC 60664-1). Therefore, also the possibly required seismic rating has an
influence the design of the distances. By mechanical simulation of the system, the bending
of structural parts can be estimated with physical forces of different magnitude and direction.
Also, high currents, especially in case of short circuit, cause significant electromagnetic

forces that have to be considered in the design.

The supply network for the system is defined only as low voltage grid. According to IEC
61140 the upper limit of AC low voltage limit is 1000 V. The module system will be
connected to the low voltage supply with a grid inverter, in which case the electrical safety
dimensioning for the module must take into account the impulse voltage requirements set by
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1 kV AC supply. Also, the battery module having a maximum nominal working voltage of
1500 V DC falls into the low voltage range. (IEC 61140)

Maximum altitude of 3000m for the system exceeds the 2000m limit for IEC 60664-1 table
values for clearance. Therefore, a correction factor must be used to adapt the result to the

higher altitude.

Initial requirement for ingress protection is better than class IP20. As such the definition is
indefinite, as classification for protection against ingress of water (the second number) does
not necessarily run with superiority compared with lower values (IEC 60529). When
deciding on the IP class of the module for protection against water, the dew point has to be
considered. As relative humidity can be as high as 95%, dew point is only 1°C lower than
ambient temperature. With such low temperature difference, it is most likely that humidity
at some point will condensate, resulting in dripping water. Therefore, absolute minimum for
protection against ingress of water is IPX1 for vertically dripping water (IEC 60529 4.2). A
higher class must be considered according to mechanical design details. Below is an example

calculation of dew point for ambient temperature of 30°C.

100 — RH 100 — 95
_ Q00 = RH) _ 30 _ (100 =95)

T,=T
d 5 5

= 29°C,

Where

- Tais the dew point
- T is the ambient temperature

- RH is relative humidity.

Minimum requirement for protection against foreign objects is class 2 (IP20), which equals
to protection against objects larger than 12.5mm and is regarded as touch protection.
However, for easily accessible top surfaces the protection class requirement is IPXXD or
IP4X, which has to be considered in the implementation and mechanical design (IEC 61140
5.2.3).

For determining the pollution degree of the module, it can be taken into account that the
module will be installed inside a container. Considering the installation situation, that the

container itself is assumed not to filter ambient pollution and that the module is not airtight,
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it can be assumed that pollution will end up inside the module. Taking into account the
likelihood of condensation it can be assumed that this pollution on the surfaces will become
conductive. Thus, pollution degree 3 is selected for the design. For clarification see chapter
2.6.4.

The module will have DC power output plug connectors. Considering the current and voltage
levels, the likelihood of arcing is very high if the plugs are disconnected “on-the-fly”, that is
being energized during load current. Arching is a phenomenon where ionized air continues
to carry current between electrodes, in this case the unconnected plug and socket of the
connection. Arc temperature can rise up to tens of thousands of Celsius degrees causing great

hazard directly to persons and also causing hazard of fire.

To prevent arcing when connecting or disconnecting the power plugs, plugging must be done
when the system is de-energized. In this case this will be done with connectors with in-built
HVIL contacts. Hazardous Voltage Interlock Loop is an extra low voltage closed loop
system to control the main power circuit. If HVIL closed loop is cut off, the system will
automatically disconnect properly the main power circuit with contactors thus preventing

the arc from emerging.

3.2 Need of modifications to the 1kV system

As the aim is to re-use as much as possible the design of the VA’s existing 1kV system, the
main points requiring modification are shortly discussed here. The existing system is
implemented as IT-system (Isolé Terre), where all live parts are separated from earth (Figure
10). This solution will remain. The current system has an upper voltage limit of 1kV and it’s
targeted for mobile applications such as forestry machines. Already from this aspect, the
whole insulation coordination has to be re-designed. As both voltage and current level with
its load profile is different, also the disconnection scheme containing fuse and contactors
have to be re-dimensioned. This is valid also for the module power connector plugs. The
measurement PWB in the module also has to be modified, as it measures the 1.5kV status.
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Figure 10. IT-system principle. (IEC 62485-5)

Current level for the 1.5kV module is lower than for the existing 1kV system. Therefore, the
cross section of the power conductors can be reduced taking into account the heating effect
of the load profile. Potential equalization from the module to the container is implemented
with a dedicated cable. The cross-section of this cable is selected based on the module output
cable cross-sections and the requirements of IEC 60364-5-54.

3.3 End use application standard 62485-5

For the end use application of stationary battery storage using Lithium-ion chemistry, IEC
62485-1 and IEC 62485-5 set the requirements for safe operation. IEC 62485-5, Safety
requirements for secondary batteries and battery installations - Part 5: Safe operation of
stationary lithium-ion batteries, lists a set of normative references that are indispensable for
implementing the standard. The most important normative references of IEC 62485-5 related

to electrical safety and the scope of this thesis are the following:

- IEC 60364-4-41, Low-voltage electrical installations — Part 4-41: Protection for
safety — Protection against electric shock
- IEC 60364-4-43, Low-voltage electrical installations — Part 4-43: Protection for

safety — Protection against overcurrent
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- IEC 60364-5-53, Low-voltage electrical installations — Part 5-53: Selection and
erection of electrical equipment — Devices for protection for safety, isolation,
switching, control and monitoring

- IEC 60364-5-54, Low-voltage electrical installations — Part 5-54: Selection and
erection of electrical equipment — Earthing arrangements and protective conductors

- IEC 60529, Degrees of protection provided by enclosures (IP Code)

- IEC 60664-1:2020, Insulation coordination for equipment within low-voltage
systems - Part 1: Principles, requirements and tests

- IEC 61140, Protection against electric shock — Common aspects for installation and
equipment. (IEC 62485-5 Annex ZA)

All the referenced normative standards have to be understood to correctly implement IEC
62485-5. This end use application standard highlights the most important topics of the

referenced ones, giving also clarifications and details specific for the BESS application.

3.3.1 Disconnection and separation of all poles

When the battery system is implemented as IT-system, the requirement is to have
disconnection devices on all incoming and outgoing poles (IEC 62485-5 4.3.2.3). For IT-
systems it is not necessary to disconnect on first fault, but measures have to be taken to
prevent hazards in the case of a second fault. If the module is not disconnected in case of the
first fault, the fault state has to be clearly indicated to the user. For fault detection, the module
has isolation monitoring system implemented triggering from too low isolation resistance,
and separation will trigger from the first fault. (IEC 62485-5 4.3.2.3, IEC 60364-4-41 411.6)

3.3.2 Isolation resistance

As in IT-system the live parts are separated from earth potential, a minimum acceptable
resistance level has to be defined for electrical safety purpose. Isolation monitor system will
continuously measure the isolation resistance between the earth and both negative and

positive terminals of the module. Requirement for minimum isolation resistance for
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stationary battery storages is 100Q/V (IEC 62485-5 6.4). For a maximum nominal operating

voltage of 1500V this results to a minimum value of:
Q
R; = 1500V * 100V = 150k,

where Rjis the isolation resistance.

If multiple modules are connected in parallel without isolation, the calculated minimum
isolation resistance value has to be multiplied with the number of modules. Also, any other
equipment lowering the system level isolation have to be taken into account. This will keep

the system level isolation resistance above the minimum 100Q/V requirement.

3.4 Case specific definition

For the battery module in question, basic protection will be implemented with basic
insulation and enclosures. Fault protection is implemented by a) using automatic
disconnection of the supply with fuse for short circuits and high overcurrents, b) by
automatic disconnection with current measurement-based SW control driving contactors for

moderate overcurrents and ¢) by isolation monitoring for insulation fault currents.

3.4.1 Equipotential bonding

Equipotential bonding is used as part of system fault protection. All external conductive parts
of the module are connected to the container frame via a copper cable. The container will

further be connected to conductive earth, but this connection is out of the scope of this thesis.

The cross-sectional diameter of the protective conductor is taken from Table 4, and selection
is based on the cross-section of the line conductors. The cross-sectional diameter of output
line conductor cables has been defined as 50mm?, and both line conductors and protective
conductor will be copper material. As the line conductor cross-section is over 35 mm?, the
cross section of the protective conductor has to be at least half the value for the line
conductors resulting in a minimum value of 25 mm?. For different protective conductor

materials, terms ki and kz are explained in IEC 60364-5-54.



39

Cross-sectional area
of line conductor §

Minimum cross-sectional area of the corresponding
protective conductor

mm?*

2 If the protective conductor is If the protective conductor
mm = 3 .
of the same material is not of the same material
as the line conductor as the line conductor
-~
§<16 S X S
k2
/\'1
16 <S<35 16 ° —x16
k2
§> 35 5 PP
2 1\'2 2

Table 4. Minimum cross-sectional area of protective conductors. (IEC 60364-5-54)

3.4.2 Cleanliness

“Small clearances can be bridged completely by solid particles, dust and water and therefore

minimum clearances are specified where pollution may be present in the
microenvironment.” (IEC 60664-1 4.5.1). Here one can assume a certain particle size is
already included in the given clearance value of the tables. As the standard does not in any
way state the size of this possible particle, it is a good practice to improve electrical safety
and functional reliability by increasing the clearance from the table value by one assumed
maximum particle size. However, this addition is not mentioned either on IEC 60664-1 or
LV-123, which is used in automotive industry as a compilation of requirements. The
maximum particle size can be estimated according to the cleanliness levels of the use or
manufacturing environment. Also, it can be noted, that cleanliness and pollution degree have
no direct correlation with each other. In automotive industry the cleanliness for functionally
relevant components is regulated by VDA 19 and ISO 16232, but currently there are no
generic international standards for this purpose. For the stationary module, based on the
manufacturing cleanliness requirement, the maximum particle size was estimated to be
0.5mm. This result will be added to the clearance table value from IEC 60664-1 to prevent
the maximum estimated particle size from bridging the gap and still maintaining the required

clearance.
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3.4.3 Clearance

The module is connected to a low voltage network of 1 kV AC maximum with a power
electronic converter (PEC). As PEC’s can be either galvanically isolated or non-isolated, the
design must take into account the impulse voltage levels coming from the supply network
(IEC 62477-1 4.4.7).

According to IEC 62485-5 4.3.1, overvoltage category Il shall be used to determine the
impulse voltage of stationary battery storage. For a 1000 VAC supply network, overvoltage
category Il equals to 6000V impulse withstand voltage (Table 5).

Nominal voltage of Voltage line to neutral Rated impulse withstand voltage
the mains supply 2 derived from nominal 3
based on IEC 60038 © voltages AC or DC Overvoltage category
up to and including
Three-phase Single phase 1 1 1l v
\% \Y v \ \% \% \
50 330 5§)0 800 1500
100 500 B@O 1 500 2 500
120 to 240 150 ® 800 1 500 2 500 4 000
230/400 277/480 300 1500 2 5:00 4 000 6 000
400/690 600 2 500 = ('5’00 6 000 8 000
1 000 frresrsfrsssnnsnsnsannnnsnsansnfasnnnnnnnnnnnns 4 QOO rmrnsnrsnnnnnns —4:000-% 6 000 8 000 12 000
>1000s1250" 1250 4 000 6 000 8 000 12 000
>1250=1500" 1500 6 000 8 000 10 000 15 000

Table 5. Rated impulse withstand voltage for equipment energized directly from the mains
supply. (IEC 60664-1 F.1)

The impulse withstand voltage of 6kV, inhomogeneous field and pollution degree 3, as
previously discussed, are used to define the table value for clearance. According to IEC

60664-1 table F.2, the required minimum clearance is 5.5mm (Table 6).
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Minimum clearances in air up to 2 000 m above sea level

. Case A Case B
) Required Inhomogeneous field Homogeneous field
impulse withstand (see 3.1.27) (see 3.1.26)
voltage ?
Pollution degree © Pollution degree ©
1 2 =) 1 2 3
kV mm mm ntm mm mm mm
0,33° 0,01 . 0,01
0,40 0,02 H 0,02
0,50 ® 0,04 . 0,04
0|2 c, d .
0,60 0,06 . 0,06 0,2¢d
08¢
0,80° 0,10 . 0,10
1,0 0,15 . 0,15 08¢
1,2 0,25 0,25 : 0,2
15° 0,5 0,5 . 0,3 0,3
2,0 1,0 1,0 120 0,45 0,45
2,5° 1,5 1,5 15 0,60 0,60
3,0 2,0 2,0 250 0,80 0,80
40° 3,0 3,0 350 1,2 1,2 1,2
5,0 40 40 @ 1,5 1,5 1,5
6,00 }...... .....5..5..........519.....)[ 55 ] 2.0 2.0 2.0
gob 8,0 8,0 8,0 3,0 3,0 3,0
10 1 11 11 35 3,5 35

d = 55mm * 1.14 = 6.3mm

minimum clearance of basic insulation will be:

Table 6. Clearances to withstand transient overvoltages. (IEC60664-1 F.2)

Clearance = 6.3mm + 0.5mm = 6.8mm.

As the table values of IEC 60664-1 are valid up to 2000m altitude, a correction factor shall
be used to adjust the result to the required 3000m. The correct multiplication factor is 1.14
(IEC 60664-1 table A.2). The result shall be given with one decimal rounded up.

As discussed in chapter 3.4.2, there is a slight possibility that random particles inside the
equipment will partly bridge the clearance gap. Therefore, the altitude adjusted clearance

value is further increased by one assumed maximum particle size. Thus, the final value for
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Where reinforced insulation is needed, clearance is dimensioned with one step higher
impulse withstand voltage in the preferred series, in this case with 8.0kV (IEC60664-1

5.2.5). This results to a clearance for reinforced insulation of

Reinforced clearance = 8.0mm * 1.14 + 0.5mm = 9.7mm.

3.44 Creepage

For creepage a straight distance along the surface is determined. If needed, surface ribs may
be used to reduce the straight-line distance under certain criteria (IEC 60664-1 5.3.3.7). At
this phase creepage is determined for both material groups I and 11, leaving mechanics design
more choices on materials depending on the insulation location in the design. Material group
I11b (CTI 100...175) is not recommended for applications with over 630V (IEC 60664-1
table F.5).

IEC 60664-1 table F.5 is used to determine the required creepage distances. However, more
detailed parameters affecting creepage can be considered depending on the mechanical
implementation (IEC 60664-1 5.3.1). Table value of 1600V is used for determination, but
interpolation for 1500V is also allowed resulting in slightly lower dimensions. The results
20.0mm and 22.0mm for material groups 11 and 11 in pollution degree 3 are shown in Table

7 below.
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Minimum creepage distances
Printed wiring
material
Pollution degree
Noltage 1 2 1 2 d 3 )
All maf‘.\e"rial All Material | Material | Material [|Material | Materialj | Material
material | groups, | material | 9Toup group group group group group
groups exl‘l:lzpt groups 1 1l 1 | i 1 e
\ mm mm mm mm mm mm mm § mm mm
10 0,025 0,040 0,080 0,400 0,400 0,400 1,000 & 1,000 1,000
12,5 0,025 0,040 0,090 0,420 0,420 0,420 1,050 % 1,050 1,050
16 0,025 0,040 0,100 0,450 0,450 0,450 1,100 g 1,100 1,100
20 0,025 0,040 0,110 0,480 0,480 0,480 1,200 « 1,200 1,200
25 0,025 0,040 0,125 0,500 0,500 0,500 1,250 o 1,250 1,250
32 0,025 0,040 0,14 0,53 0,53 0,53 1,30 % 1,30 1,30
40 0,025 0,040 0,16 0,56 0,80 1,10 1,40 ; 1,60 1,80
50 0,025 0,040 0,18 0,60 0,85 1,20 1,50 « 1,70 1,90
63 0,040 0,063 0,20 0,63 0,90 1,25 1,60 = 1,80 2,00
80 0,063 0,100 0,22 0,67 0,95 1,30 1,70 % 1,90 2,10
100 0,100 0,160 0,25 0,71 1,00 1,40 1,80 ; 2,00 2,20
125 0,160 0,250 0,28 0,75 1,05 1,50 1,90 « 2,10 2,40
160 0,250 0,400 0,32 0,80 1,10 1,60 2,00 5 220 2,50
200 0,400 0,630 0,42 1,00 1,40 2,00 250 % 2,80 3,20
250 0,560 1,000 0,56 1,25 1,80 2,50 3,20 i 3,60 4,00
320 0,75 1,60 0,75 1,60 2,20 3,20 400 « 4,50 5,00
400 1,0 2,0 1,0 2,0 2,8 4,0 50 = 56 6,3
500 1,3 2,5 1,3 2,5 3,6 5,0 63 1 7.1 8,0
= (7,9)¢
630 1,8 3,2 1,8 3,2 4,5 6,3 8,0 9,0 10,0
(7,9)° (8,4)° (9,0)¢
800 2,4 4,0 2,4 4,0 5,6 8,0 10,0 i 11,0 12,5
(9,0)¢ (9,6)¢ (10,2) ¢
1000 3,2 5,0 3,2 5,0 7,1 10,0 12,5 14,0 16,0
(10,2)¢ 9 (11,2)¢ | (12,8)¢
1250 4,2 6,3 9,0 12,5 16,0 % 18,0 20,0
(12,8) g (14,4)¢ | (16,0)°
1600 u--------------5.6-----8,9----1‘-.0--..16i]-ﬁ| 20,0 22,0' (2%5(,][))0

Table 7. Creepage distances to avoid failure due to tracking (IEC 60664-1 table F.5)

Where reinforced creepage is needed, the distance is twice the distance for basic insulation.

Therefore, reinforced creepage for material group | is 40.0mm and 44.0mm for material

group 11
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3.45 Solid insulator properties

For solid insulating material implementing basic insulation, the same voltage stresses are
uses as for clearance and creepage dimensioning. This means that the minimum breakdown
voltage of the selected solid insulating material shall be 6.0 kV. Solid insulation for
reinforced insulation is dimensioned with one step higher impulse withstand voltage in the
preferred impulse voltage series, resulting to 8.0 kV. (IEC60664-1 5.4.2)

As several factors age insulating materials with complex mechanisms degrading electrical

strength, detailed aging data from material manufacturer is needed.
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The aim of the thesis was to do a deep dive on electrical safety on a 1.5kV BESS. First the

general principles of electrical safety were explained by studying relevant standards as

literature review. Then, based on these principles, the main safety aspects of a 1.5kV

stationary battery storage were defined in more detail. Main findings for the case of 1.5 kV

stationary battery storage are given in Table 8 and Table 9.

Requured isolation

Solid msulation

(when needed)

values Clearance Crecpage withstand voltage
Material group I Material group II
600 <CTI 400 < CTI < 600
Basic or
supplementary 6.8mm 20.0mm 22.0mm 6.0 kV
insulation
Reinforced insulation 9.7mm 40.0mm 44.0mm 8.0kV

Table 8. Required isolation values and solid insulation withstand voltages for the studied

case.

Other requirements

Equipotential bonding
cross section

25 mm?

Minimum isolation
resistance

150kQ*

*For a single standalone module. For parallel modules w/o isolation this has

to be multiplied with the number of modules.

Disconnection of all
LV power poles

Prevention of hot
plugging by HVIL

Protection against
mgress of foreign
objects

At least IP2X

Protection against objects larger than 12.5mm

Protection against

ingress of foreign

objects for easily
accessible top surfaces

At least TP4X

Protection against objects larger than 1.0mm

Protection against
mgress of water

At least IPX1

Protection against vertically dripping water

Table 9. Other electrical safety related findings for the studied case.

In summary it can be said, that the objectives of the thesis were achieved. The basics of

electrical safety were carefully reviewed and the variables affecting it were studied in detail.

The structure and functioning of the standardization field was clarified. On the basis of the
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electrical safety criteria, the insulation design of the example case was dimensioned and
other necessary measures were defined. Verification of the validity of the dimensions shall

be tested, but this is out of the scope of this thesis.

In environments with pollution, particles may bridge the entire dimensioned air gap. To
improve operational reliability and electrical safety, it is advisable to increase the rated
clearance by the estimated maximum particle size, although this is not a requirement of the
standards. It should be noted that the table values given in the standard are minimum values
in all situations, and the statistical probability of particle bridging should be taken into

account.

The field of standardization is very complex and there are many organizations working on
the area. At regional level, organizations are divided into international, regional and national
organizations, with regional and national organizations often publishing their own
publication on the international standard. When designing a product for a particular market,
all of these must be taken into account, as national standards, for example, may have
additional national requirements. Cross-referencing between standards also brings its own
challenges to the design process. In general, however, typically there are a few standards
that can be characterized as basic standards, on the basis of which end-use application
standards for specific applications have been composed. Also, it can be said, that electrical
safety is a well standardized area with a long history.

In the course of the thesis, a few clarifying observations were made on the details of the
electrical safety-related dimensioning. As such, the work did not generate new general
scientific knowledge, but the explanation of the results and the thesis within the Valmet
Automotive EV’s organization will improve the general level of knowledge of the
organization about the details of electrical safety and clarify the complex standards involved.
In particular, when designing products for international markets, the standards in force in the
target market should be carefully studied in the future. Certification bodies, for example,
which already have knowledge of the market and technology in question, can help in this
respect. Even if a product is compliant and safe for a particular market, the financial risk of

not complying with local standards can be considerable, especially in the US market.
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