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Abstract

High-power electrical connections are an essential component to all electric power systems. Such
connections are important to the Navy as it increases the use of electric energy in ships. High
power involves both high current and high voltage simultaneously and hence connections require
careful design regarding both properties. While classical connections are typically bolted or
welded, a plug-in type connection would greatly reduce installation time and enable more rapid
reconfigurations or adjustments as loads are added or changed. This thesis presents the constraints
surrounding electrical contacts and insulation requirements toward the development of a high-
power plug-in type connector for Navy application. State-of-the-art plug-in contacts technology
and mechanisms are identified. A comparison and selection process of dissimilar rated electrical
contacts is proposed through the development of Figure of Merits. Insulation requirements,
especially those surrounding creepage distance, are presented for high-power contacts across a
range of voltages. Additional Navy specific insulation requirements are identified and related to
the impact on a high-power connector. Constraints on both electrical contact and insulations
requirements are considered and then applied to a 0.4 MW (1 kV, 400 amp) connector concept
design. It illustrates the feasibility of developing a new Navy high-power connector. The concept
design was fabricated using 3D printing to verify mechanical insertion force constraints were
satisfied.
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1 Introduction/Background

1.1 Motivation

Naval ships increasingly require more electric power for the many new electrically powered
offensive and defensive systems. The Zumwalt class destroyer was the Navy’s first fully electric
ship capable of generating 75 megawatts of electric power [1]. The ship used an integrated power
system (IPS), an all-electric architecture in which the prime movers provide electric power to the
propulsion plant and traditional electric loads. This eliminated the need for separate propulsion
and electric prime movers and improved the survivability of the ship, but magnified the need for a
robust electrical distribution system. The next generation Navy destroyer, DDG(X), is also planned
to be an IPS ship including a 20% electric power margin [2]. The ships of the future can thus be
anticipated to employ 100 megawatts or more electric power. With such a rise in electric power
comes the requirement to move that power efficiently over compact and reliable power distribution

systems.

The Power Electronics Building Block (PEBB) is an Office of Naval Research (ONR)
“broad strategic concept that incorporates progressive integration of power devices, gate drives,
and other components into building blocks with defined functionality and interfaces serving
multiple applications” [3]. They are “foreseen as a key to major reduction in cost, losses, size and
weight of power electronics” [3]. The idea is to use the PEBB in an open plug-and-play architecture

to build and upgrade the next generation of shipboard power systems.

The modular integrated power corridor, developed at MIT, uses the PEBB as a cornerstone
of the power system architecture. The power corridor is an electric distribution concept that
“incorporates in a single entity the distribution, conversion, isolation and storage of main bus
power throughout the ship” [4]. The power corridor replaces the classic point-to-point layouts in
traditional ship power distribution. A power corridor runs the length of the ship allowing for power
to be “available at most any place, tapped as needed, now or in the future, [and] enables a more

flexible, reliable structure compatible with modern ship requirements” [5].

Inside the power corridor structure, the PEBB is used as a universal converter that provides

conversions at various voltages. The vision is to make “a single common unit” that is of a
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manageable “size and weight that can be carried through the ship and easily racked out and
replaced by the ship’s crew while underway” [4]. These modular converters would be placed into
cabinets for thermal management and mate via electrical connections to the interface junction box
which provides connectivity to the bus cable. The number of PEBB stacks and number of PEBBs
in the cabinets would be determined in the design of the power corridor network [6]. As the ship
upgrades, more power may be required and additional PEBBs can be added over time. The PEBB
concept increases the reliability of the power system. Broken or faulty PEBBs could be replaced
at sea with spare PEBBs without any loss to power distribution functionality.

In order to facilitate the vision of the power corridor and PEBB the key characteristic to
enable the plug-and-play architecture is to define an electrical and mechanical interface for the
PEBBs connection into the stack. A sailor compatible, electrically safe Integrated Power
Electronics Building Block (iPEBB) is being developed for the Navy by Virginia Tech. A high-
power plug-in connector is needed to fulfill the vision of these many iPEBBs connected in

resettable configurations.

Alongside the iPEBB application, a quick-connect/quick-disconnect electrical connector
and mechanism would greatly facilitate the vision of the installation of pre-built electric corridor
units into ships. Fabricating and testing electrical distribution systems and components would
increase the reliability of installed systems. New systems and upgrades could be checked prior to
shipboard installation saving time and costly troubleshooting efforts that result from issues found
after installation.

High power electric connectors operate at high voltage and high current. Traditional
connections are bolted or welded, which involve substantial time and manual effort to achieve.
Furthermore, without regular inspections and maintenance bolted units can loosen over time,
which can cause higher contact resistance and in some cases fires. Thus, the goal of a plug-in

connector is to make a quick, safe, and reliable high power electrical connection.

Traditional high power make and break electrical connectors are often designed with the
commercial land-based utility industry or temporary power distribution industries in mind. These
connectors are not highly constrained by size or weight and are typically bulky, heavily insulated,
and cumbersome to manipulate. Conversely, smaller quick connect electrical connectors for mass

production are rated for lower power levels insufficient for shipboard use.
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The maritime application of a quick-connect electrical connector is unique. No other
systems create such power density as an electric ship within such a confined space. The luxury of
combining multiple ports and connectors to reach the required current or using bulky single
connectors is not viable. There are no commercially available connectors suitable to the task at
hand. Nor are there existing design guidelines to build such connectors. The combination of a
high current, high voltage, plug-in connector suitable for the confined spaces and environmental
conditions of a ship must therefore be developed. This thesis is intended to lay the foundation for
such plug-in connectors by establishing configuration principles, existing constraints, overarching
design guidance, and specifics on which design quantities are important for the basis of reliable

plug-in connector designs.
1.2 Principles of Electrical Contact Resistance

As Holm describes in his classic textbook, an electrical contact is a “releasable junction between
two conductors which is apt to carry electric current” [7]. Two electrically conductive surfaces are
pressed together through a normal force which creates contact. Due to the microroughness of
apparent smooth materials, only a portion of the apparent contact area actually makes true
mechanical contact. Additionally, electrically conductive metals are usually covered with an oxide
or other electric insulative layer. Electrical contact only happens when the insulative films are
ruptured or displaced at the contacting surface. Thus, in an electrical junction the electrical
connection is even smaller than the true mechanical contact area. The areas of electrical
conductance, the only conductive path from the anode to cathode, are referred to as a-spots. The
flow lines of electric current in the normal area of the conductor are distorted and bundle together
through the a-spot to the other conductive material. The constriction of electricity narrowing from
the normal area of the material through a-spots create increased resistance called the constriction
resistance, Re, of the interface. The contact resistance is the total constrictive resistance provided

by all the a-spots plus any additional film resistance that may be present.
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[___] Apparent (nominal) contact area
[-" Real contact area

R, Conductor resistance [E23 Load-bearing area
A, Caonstriction resistance B Quasi-metallic contact area
a Diameter of a-spot [ Conducting contact area (a-spots)

Figure 1-1: Schematic diagram of a bulk electrical interface from Electrical Contacts [8]

The higher the normal pressure between the contacts, the greater the plastic deformation

and consequently more and larger a-spots. The area of material contact is governed by the equation:
F=AH 1)
where Acis the area of mechanical contact, F is the normal force and H is the hardness of the metal.

A cluster of a-spots can be simplified to an equivalent single contact area known as a Holm

radius (o). Constriction resistance can be approximated using the equation:

R.=p/2a (2)

where p is the resistivity of the conductor. The area of mechanical contact can be approximated

as:
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A = Tlﬂaz 3)
where 1 is an empirical coefficient of order unity for clean interfaces as defined by Slade [9].

Combining the above expressions leads to the expression of the constriction resistance as:

Rc = [(p"2 nmH) /4F]'/? 4
Ry =R, +R; (5)
R, = R, + 2R,, (6)

The total contact resistance of a joint, Rs, is the sum of the constriction resistance and the
resistance of any film present, Rs. Thus, it can be seen that the force between the two contacts
contributes inversely to a contact’s resistance while the contact’s hardness contributes directly to
the resistance. This is a reason that soft, corrosion resistant metals such as tin, nickel, silver, or
gold are often used to cover electrical contacts. The total resistance of contact, from end to end is
the sum of the total contact resistance and the conductor bulk resistance, Rm, of the cathode and

anode, equation 6, where the cathode and anode bulk resistance are assumed to be equal.

The contact resistance is also affected by the temperature of the metals. As current is
constricted and passes through the electrically conductive area, heating of the metal occurs. Holm

showed that the contact resistance could be expressed as:
2
Rs(0) = Ry(0)(1 +20) ™

Where Rs(0) is the unheated resistance of the contact joint, a is the normal temperature coefficient
of the metal, and ® is the superheated temperature of the contact [7]. Due to the increase in
resistance and heating effects on a metal’s mechanical and wear properties, attention needs to be

paid to the temperature of the electrical contacts during operation.

Much research has been undertaken to understand the principles of the effects and
mechanics of wear, reliability, and heat transfer in electrical contacts. Metal selection of electrical
contacts is also a widely studied field. Seven factors have been identified that contribute to creating
a good electrical contact: adequate contact force to break through the oxide film, constant contact
force over its working life, low contact resistance, constant contact resistance over its working life,
good thermal-shock resistance in the event of a short-circuit, creating many large a-spots for a low
constriction resistance, and good heat dissipation during continuous operation [10].
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There is much less literature and no practical guide on how to combine that information
and implement them into a design of an electrical contact complete with a safe and ergonomic
insulated housing. Since classical texts and academic papers gave no practical guide on how best
to implement the contact normal force in quick connect-disconnectors or how to interface them
with an insulated housing, it was decided a thorough search on the state-of-the-art of power

connectors was the best way to identify best practices.
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2  State of the Art of Electrical Plug-in Connectors

2.1 Commercial Connector Designs

Power connections can be classified into three groups: light-, medium-, and heavy-duty according
to Slade [9]. Light-duty connectors are used for devices with currents below 5 A, and voltages up
to 250 V. Medium-duty connectors carry currents above 5 A and voltages up to 1000 V. Heavy
duty connectors are generally used in utility transmission and distribution systems, carrying high
currents, tens of kA, and high voltages, hundreds of kV. The high-power shipboard connector falls

just outside for what most medium-duty connectors are designed and rated.

Beyond these three groupings, connector systems are also classified according to their
functional operation or how the electrical and mechanical connection is made. These functionality
groups as defined by Braunovic et al. are: compression, mechanical, wedge, make and brake
(disconnect), and fusion [8]. Compression connectors create a permanent joint through the use of
tools “to crimp the connector to the conductor using high force” [8]. Figure 2-1 illustrates an

example of a crimp connection.

Crimp 1 Crimp 2 Crimp 3

Figure 2-1: Multiple crimps made on a wire and Phase 3 connector using a hydraulic crimping tool and
hexagonal die [11]

Mechanical connections are made through the use of bolts, hardware, or other similar
means to create contact between two metals. Examples of mechanical connectors are illustrated in

Figure 2-2.

24



}' , —
% v
p A T\ ,EJ Terminal lug
v = o
Insulation plercing Split boit Cable tap

Figure 2-2: Examples of mechanical connections from Electrical Contacts [8]
Wedge type connectors use a wedge and C-body to plastically deform two wire conductors.

A schematic view of the process is shown in Figure 2-3. Fusion contacts are made through welding,

soldering, or brazing.

Figure 2-3: Process of mating two wire conductors through a wedge type connector [8]

Finally, make and break contacts, also known as plug-in or plug and socket connectors, use
a variety of methods to temporally electrically mate two conductors. Plug and socket connectors
are the only type that does not explicitly require tools to mate and are purposely designed to be re-
mated on a regular functional basis. This is the type of connection that needed to be investigated

for use in the high-power shipboard connector.

In order to identify the characteristics of a plug and socket design for high power
application a wide search for commercially available plug and socket connectors was undertaken.
The criteria for commercial plug and socket connectors were set at 150 A and 500 V. The current
requirement was to ensure that techniques for making forceful reliable contact would be extracted
from the commercial review. The voltage requirement was made to reveal insulation techniques

and best practices at high potentials for make and break connectors.

The first type of electrical connector that was eliminated by setting a high current rating

was the simple pin and socket contact. The most basic plug and socket connector was also one of
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the most limited. A solid pin sliding against a solid socket with no spring like action elements
employed only the initial friction to hold the contact in place and exert a normal force from the pin
to the socket. The upper extreme of the simple pin and socket contact were found to be the 150 A
military size 0 contact. An example of what a simple solid contact looks like is shown in Figure
2-4.

Figure 2-4: Deutsch solid pin and socket electrical contact [12] [13]

These simple pin and socket contacts were widely used in numerous industries because of
their simple design. This design works well in low current applications, less than 150 A, and were
available in many sizes. Several of these pin and socket contacts were routinely used in clustered
patterns to transmit multiple signals or power phases through a connector. Multiple solid socket
contacts could be combined to transmit higher currents, the goal however of the shipboard high-
power contact was to use a single pole, that is one contact, for total current transmission. Various

configurations with multiple contacts of various sizes are illustrated below.

D
Q)

Figure 2-5: MIL-DTL-22992 contact configurations produced by MILNEC [14]

Electrical contacts that created a more robust electrical connection, above 150 A using a
single pole, were identified in the commercial search. Over 35 electrical connectors or contacts
were investigated ranging across 16 different manufacturers, a list of which can be found in
Appendix A. The next step was to classify common characteristics across different connectors to

identify the important design principles employed.
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2.2 Electrical Contact Mechanisms

This section focuses on mechanisms employed on either the plug (male) or the socket (female,
receptacle) that created an electrical contact. Eleven different electrical contact methods were

identified in the off the shelf connector commercial search.
2.2.1 Socket Leaf Springs

The most common connection mechanism found in the off the shelf commercial connector review
was the use of leaf springs in the socket. These sockets employed a raised “leaf spring” to create a
normal force and a-spots on the plug/pin and leaf springs. Figure 2-6 shows the general principle
of the socket leaf spring. A cross-sectional view of just one leaf spring is shown and the bold black
arrows show the motion of the parts when mated. The plug slides along the leaf spring, removing
any oxidized film from both components. Once fully in place, the normal force as a result of the

compressed arched leaf spring creates the normal force on the plug.

=

Leaf Spring

‘_

Figure 2-6: Cross section schematic of a leaf spring socket

There have been multiple variations on the basic principle developed by several
manufacturers. The width of the leaf spring varied considerably across varieties, for example ODU
had two socket leaf spring technologies, one called Lamtac, Figure 2-7, and another called
Springtac, Figure 2-8. Lamtac used fewer thicker leaf springs they called “lamella” while Springtac
used many wires to act as leaf springs. Throughout all different types of variations, the pin was

simply a solid contact.
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Figure 2-7: Cross section view of the Lamtac contact series offered by ODU [15]

MATED

SOCKET SOCKET

Spark protection
PIN

Springwires

Figure 2-8:Cross section view of the Springtac contact series offered by ODU [15]

Figure 2-9,Figure 2-10, andFigure 2-11 show some pictures of various connectors that
employed the socket leaf spring mechanism. The geometry and material selection by the

manufacturer were the parameters that set each contact apart from the other.
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Figure 2-11: A closeup of the leaf springs in the HAN S connector by Harting
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A subcategory of the leaf spring mechanism was skewing the leaf springs into a
hyperboloid. Amphenol and Smiths Interconnect both employed this technology to make contact
with the pin and socket in multiple spots along the leaf spring. Figure 2-12 shows a 3D rendering
of the concept and Figure 2-13 shows it applied in a contact.

Figure 2-12: Rendering of the hyperboloid principal employed by Smiths Interconnect [17]

Figure 2-13: The hyperboloid technique called Radsok by Amphenol employed on the Radlok [18]

2.2.2 Socket Torsion Louvers

Louvers in the context of electrical contacts, are multiple horizontal conducting elements that
contact the bulk male and female conductor to transfer electricity across the gap. The individual

leaf springs or lamella introduced in 2.2.1 can also be identified as louvers. In the case of socket
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torsion louvers, the sockets were lined with individual louvers that deflected under torsion when
the plug was inserted. Once again, the plug was a solid pin contact. Similar to the leaf spring
concept, each louver formed an independent parallel path from the anode to the cathode. There
were found to be two types of torsion louvers, one component and two component louvers. The

electrical connector company: Staubli, had the most variety of torsion louver contacts.

One component torsion louvers were made of one material which provided the electrical
conduction path and the mechanical spring force for the connection. The louvers were made in a
separate strip, then held in place on a contact (the socket in this case) either through self-imposed
pressure when fitted in a socket or through a retention ring. When the pin contact was inserted, the
louvers would rotate slightly which created the torsion force which in turn created the normal force
on both contacts thus creating an electrical path. Once the initial torsion was created, the pin would
slide over the louver removing oxide film through friction until it was fully seated in the contact.
Figure 2-14 shows only the louvers without any associated contacts, it shows the louver torsional
movement where the left half are not compressed. Figure 2-15 shows a schematic of a torsion
louver in a mated configuration with contacts present. The red and blue circles indicate the area of
contact between the louver and conductors. Figure 2-16 shows the mating process with a torsion

louver contact. The red circle indicates the permanently mounted contact side.

Figure 2-14: Two-component torsion louvers, half in compression [10]

Contact part A

Figure 2-15: A cross section schematic of the one component torsion louver principal in a Multilam
contact developed by Staubli [10]
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Figure 2-16: The torsion louver mating sequence

A two-component torsion louver was made of two materials, one which provided the
electrical path from conductor A to conductor B, and a second material which provided the torsion
component of the louver, illustrated in Figure 2-17. Using two separate materials allowed for a
broader range of metals in the design. More conductive metals that had poorer elastic properties
could be employed as the principal conductor. Separate metals could be chosen that provided the
torsion and normal force element without worrying about their conductive properties. This allowed
for more consistent force over the lifetime of the louver. It also permitted greater bending of the
louver because of the improved elastic properties of the metal. More room for movement
consequently improved alignment tolerances. The two component louvers were more complex and
were larger than the simpler single component torsion louver. They generally had a greater
minimum diameter of the socket they fit into because of the more limited bending radius. The Han
S contact was an example of one of the connectors found that employed one component torsion

socket louvers, Figure 2-19.

Contact part A

Cu-louwer——

Steal strip

Contact part B

Figure 2-17: A schematic of the two-component torsion louver [10]
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silver-clectroplated
copper louvers

Figure 2-19: The Han S socket with torsion louvers [20]

2.2.3 Plug Torsion Louvers

Similar to socket torsion louvers, plug torsion louvers used the same torsion louver mechanism on
the male plug part of the electrical connector as seen in Figure 2-20. Staubli’s Multilam louvers in
particular were developed so that they could be used on either the plug or socket.
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Figure 2-20: The Powersafe plug contact with plug torsion louvers

2.2.4 Socket or Plug double spring-loaded louvers

Another electrical connection method that utilized two separate metals to provide the spring force
and electrical path was the double spring-loaded louver. The design developed by Staubli used a
thin steel leaf to act as the spring for two electrical conducting louvers, as seen in Figure 2-21. A
multitude of these springs and louvers created the complete contact, Figure 2-22. The double
spring-loaded louver technique could be applied to fit into a socket or onto the plug end of an

electrical connector. The corresponding contact piece would be a traditional smooth plug or socket.

Figure 2-21: A thin steel leaf provided the spring force on the Staubli ML-CUX double spring-loaded
louvers [21]
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Figure 2-22: The Staubli ML-CUX double spring-loaded louvers on a pin and in a socket [21]
2.2.5 Split Plug (double segment)

A slight modification to the simple smooth plug created the split plug. The simple plug was partly
cut in half forming the double segment split plug, as seen in Figure 2-23 . The cantilever prongs
created the spring force as they were squeezed into a slightly smaller diameter plug which also
created friction to remove oxide film. In some cases, a spring element was inserted into the cut,
such as can be seen in Figure 2-24, in order to increase the normal force on the socket in an effort

to create more contact area and a-spots.

Figure 2-23: An example of a split plug, the HAN TC650 [22]
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Figure 2-24: A spring element between the two halves of split plug in the Eaton Roughneck contact

2.2.6 Split Plug (Hex segment)

Another modification to the simple plug to make it more efficient was hollowing it out and
separating the plug into more segments such as the Kona connector by Harwin, Figure 2-25. The
more segments allowed for greater deflection of each cantilever prong and a corresponding
increase in normal force. Less force was needed to deflect each prong as they were inserted into
the plug compared to a simple plug or split plug being forced into the same reduced diameter

socket.

Figure 2-25: The Kona plug by Harwin
2.2.7 Split Socket
The split socket used a similar spring force via cantilever prongs idea except it was employed on
the socket side of the electrical contact. All examples of split sockets found were four segment

sockets. The socket was sized slightly smaller than the pin and expanded when the pin was inserted

creating a normal force between the pin and segment.
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Figure 2-26: ODU’s split socket contact called Turntac [15]

Figure 2-27: A top view of the Hubbell Loadbreak split socket contact
2.2.8 Split Blade Socket

The split blade socket was a common electrical connection method. It was similar to the split
socket method, the distinction being the blade socket was shaped in a flat fork shape vice a circular
shape. Split blade sockets were found in several varieties, from many prongs surrounding a single
blade as in Figure 2-28 , to just a few, Figure 2-29 . This was the same method that was used in

the common domestic electric outlet.
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Figure 2-28: Split blade socket employed on the Molex EXTreme Guardian Connectors [23]

Spoing
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Figure 2-29: The split blade socket was the study of Beloufa et al. [24]

A slight variation off of the split blade socket was the “U Shaped Socket” developed by a
group of researchers from Germany for use as a plug-in connector for the Intelligent Stator Cage
Drive (ISCAD) Application. Figure 2-30 shows their design. The copper outer U served as the

spring component and was inserted around the bar which would be mounted on the stator.
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Figure 2-30: A split blade plug developed by Rubey et al. [25]

2.2.9 Floating Contact Compression Spring

A unique design was developed by AZZ Inc. which used a series of solid electrical conductor
“fingers” to electrically mate conductors in a circular or linear configuration. The “finger” was in
constant linear compression to mate with the stationary conductor and axially compressed when
the sliding conductor was inserted. Figure 2-31 shows a finger linearly compressed on the
stationary conductor and axially compressed between the sliding and stationary conductors. Figure

2-32 shows a circular configuration of fingers for a connector.

Silver Plated

Stationary Conductor Copper Finger

Figure 2-31: Cross section schematic of the AZZ floating contact compression spring mechanism [26]
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Figure 2-32: A full ring of the AZZ HM contact system [26]

2.2.10 Bus Bar Tensile Coil Spring

A high current bus bar make and break connector was developed by Japan Aviation Electronic
Industry (JAE). It was classified as a bus bar tensile coil spring connector since it was developed
for use on bus bars, but this technology could be incorporated into a more common make and break
electrical connector in the future. One end employed a spilt blade socket connection approach
while the other end used a coil spring, teeth, and fabricated holes in the bus bar to make an electrical

connection. The mechanism is shown in cross section and in use in Figure 2-33.

Cross-section View

Figure 2-33: JAE DWO07 bus bar tensile coil spring contact [27]

2.3 Mechanical Mating Mechanisms

Electrically mating the conductors was the most important aspect of creating a make and break
contact, however the electric mating aspect was not expected to hold the connector together. There
was an electric mating force associated with electrically creating friction to break the oxide and
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create a-spots, but there was another force associated with mating the insulation and encasements
together which contained the electric contact. This was defined as the mechanical mating force.
Together, the mechanical mating force and the electric mating force created a total “connector
mating force”, which is what the user feels when they mate full connectors electrically and
mechanically. Figure 2-34 illustrates electrically mating the Powersafe contact and Figure 2-35

illustrates the mating of the full Powersafe connector.

Figure 2-34: Powersafe contact, electric contact mating before and after
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Figure 2-35: Powersafe, full connector mating before and after

The electric contact is not designed to hold the connector together. A mechanical
mechanism was included as part of the connector insulated case to take the stress and strain around
the electric contact. These cases and mechanisms also ensured they would lock together and could
not be pulled apart accidently. The off the shelf commercial search identified six common
mechanical mating mechanisms employed across all the connectors reviewed to ensure a connector

was safely held together.
2.3.1 Bayonet Locking Mechanism

The most common locking mechanism was the bayonet locking system. Employed on cylindrical
contact casings, one side was made with radial pins or grooves that fit into matching slots on the
other connector. The slots were shaped in a J or L so that the fitting slid along the vertical section
of the slot and then rotated horizontally to prevent the pins from being easily pulled out along the
vertical section again. Figure 2-36 shows the L shaped groves for the bayonet locking mechanism
on the Stdubli 16BL.
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Figure 2-36: Stdubli 16BL bayonet locking connector with L shaped slot [28]
2.3.2 Spring-Loaded Clip

The spring-loaded clip came in many forms but the principle was always the same. The connector
had a clip with a raised surface that slid into a cutout on the corresponding connector housing
which prevented it from sliding out without applying a force to compress the spring. Figure 2-37

shows one such mechanism on the PS3C connector.

Figure 2-37: The Hirose PS3C connector with a spring-loaded clip

2.3.3 Panel Screws

Some make and break connectors were held together by the more permanent method of screws,
thumbscrews, or bolts and nuts. This added complexity to the mating and securing process as it
required extra tools and/or time. Figure 2-38 shows a Hirose waterproof connector where the holes
for the bolts are circled in red. It also shows a Harwin connector which was held together by

thumbscrews.
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Figure 2-38: The Hirsoe waterproof connector held together by bolts [29] and Harwin connector with
thumbscrews [30]

2.3.4 Screw Ring

The screw ring mating mechanism could be employed on the male or female connector. It was
fitted with threads and the corresponding connector was fitted with a threaded cover which screwed
down to mate, lock, and weatherproof the connection. Figure 2-39 shows example MILNEC
connectors that employed the screw ring mechanism. The left shows the outer screw ring while

the right connector shows an inner threaded example.

Figure 2-39: MILNEC connectors with a screw ring connector [14]

2.3.5 Snapping Plate

The Radlok connector used a unique mechanism to lock the connector. It had a snapping plate that
fit into a groove on the contact pin. The snapping plate force was generated through an internal
spring system in the Radlok. The snapping plate was drawn up for release by pressing a button on
the top of the connector. Figure 2-40 displays the elements involved in the design.
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Figure 2-40: Radlok snapping plate button and groove in pin [18]
2.3.6 Friction of Shells

Some connectors had no locking mechanism to hold the connector together other than friction
between the outer and inner shells of the insulated connector. Figure 2-41 shows the Hubbell Load
Break connector which was simply held together by the conical rubberized insulating material.
The drawback to the use of friction shells alone was there was nothing locking them in place. With
enough force the connector could electrically disconnect inadvertently. It could also add significant
mating force because the friction must hold the connector together against the jostling and strain
it may undergo.

Figure 2-41: Cross section view of the Hubbell Loadbreak [31]
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2.4 Water and Dust Protection Mechanisms

The enclosure aspect of a connector needs to protect the electrical contact from environmental
factors such as water, dust, and foreign objects. The ingress protection rating or IP code is an
internationally recognized standard developed and published by the International Electrotechnical
Commission (IEC). The IEC standard 60529 details the levels of protection an enclosure offers
along with the tests the enclosure must pass to rate such protection [32]. The IP code uses a two-
digit numerical code to classify the protection provided through an enclosure. The first digit
indicates the protection against the ingress of solid foreign objects and access to hazardous parts.
The second digit indicates the protection against the ingress of water with harmful effects. Table
2-1 and Table 2-2 display the definitions of each numerical indication as defined by IEC 60529.

Table 2-1: Protection indicated by first characteristic numeral in the IP code

First characteristic | Degree of protection against Degree of protection against solid

numeral access to hazardous parts foreign objects

0 Non-protected Non-protected

1 Protection against access to Protected against solid foreign objects
hazardous parts with the back of | of 50 mm diameter and greater
a hand

2 Protection against access to Protected against solid foreign objects
hazardous parts with a finger of 12.5 mm diameter and greater

3 Protection against access to Protected against solid foreign objects
hazardous parts with a tool of 2.5 mm diameter and greater

4 Protection against access to Protected against solid foreign objects
hazardous parts with a wire of 1.0 mm diameter and greater

5 Protection against access to Dust-protected
hazardous parts with a wire

6 Protection against access to Dust-tight
hazardous parts with a wire
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Table 2-2: Protection indicated by second characteristic numeral in the IP code

Second Degree of protection against water
characteristic | Brief Description Definition
numeral
0 Non-protected -
1 Protected against vertically Vertically falling drops shall have no
falling water drops harmful effects
2 Protected against vertically Vertically falling drops shall have no
falling water drops when harmful effects when the enclosure is tilted
enclosure tilted up to 15° at any angle up to 15° on either side of the
vertical
3 Protected against spraying Water sprayed at an angle up to 60° on either
water side of the vertical shall have no harmful
effects
4 Protected against splashing Water splashed against the enclosure from
water any direction shall have no harmful effects
5 Protected against water jets Water projected in jets against the enclosure
from any direction shall have no harmful
effects
6 Protected against powerful Water projected in powerful jets against the
water jets enclosure from any direction shall have no
harmful effects
7 Protected against the effects of | Ingress of water in quantities causing
temporary immersion in water | harmful effects shall not be possible when
the enclosure is temporarily immersed in
water under standardized conditions of
pressure and time
8 Protected against the effects of | Ingress of water in quantities causing
continuous immersion in water | harmful effects shall not be possible when
the enclosure is continuously immersed in
water under conditions which shall be agreed
between manufacturer and user but which
are more severe than for numeral 7
9 Protected against high pressure | Water projected at high pressure and high
and temperature water jets temperature against the enclosure from any
direction shall not have harmful effects

The required enclosure protection depends on the environment the connector will operate
in. Some outdoor industrial connectors need high dust and water protection (e.g. IP68) while
connectors that operate in dry well ventilated space may do well with a lower protection (e.g.
IP20). Thirteen of the full connector assemblies reviewed provided an ingress protection rating.

47



Four water protection mechanisms were identified through the commercial survey: the use
of an O-ring or gasket, concentric fitting of soft-on-hard insulating materials, concentric fitting of

soft-on-soft insulating materials, and concentric fitting of hard-on-hard insulating materials.

Each method had advantages and drawbacks. The O-ring or gasket method was the most
popular, 44% of surveyed connectors employed this technique. It was highly effective as the lowest
cited protection was rated at IP65 and the highest at IP68. A drawback to using a gasket was that
it presented a single point of failure where a tear or deterioration in the O-ring would result in loss

of water protection.

Figure 2-42: O-ring used for weatherproofing on the Powersafe Connector

Using concentric fittings of soft-on-hard materials was the surest way to ensure water
protection. All connectors that employed this technique had a rating of IP68. The only connector
that was marketed as a water-submersible connector employed this technique. To employ this
method, it was necessary to have enough material overlap to ensure a watertight seal between the
hard and soft material. The RobiFix connector used this technique. In Figure 2-43 the upper section
is a shiny hard plastic which created a seal when the lower softer polymer was inserted in place

with an overlap of 28 mm.
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Figure 2-43: RobiFix connector, an example of soft-on-hard insulation waterproofing

Concentric fittings of soft-on-soft materials were less effective at keeping water out
according to the commercial connector survey and associated IP codes. With the exception of one
outlier, all connectors with this technique had a protection of IPX4. In order to keep mating forces
low and manageable the soft insulators were given a lower tolerance for fit, meaning they did not
press as tightly together which would allow for water penetration under certain circumstances. The
exception of this rule came in the form of the utility Loadbreak elbow connector which was rated
for IP67. The concentric outside and inside had a very tight-fitting design which created a water
tight barrier but resulted in high mating force.

Finally, connectors which were simply mated with protection by hard insulation pressed to
other hard insulation and held together by a mechanical mating mechanism resulted in low or no
protection from water, such as the Han S. With no material deflecting along the small deviations
and ridges of the other hard material, no watertight or resistant seal was created.
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3 Electrical Connector Design Process

3.1 Overview of the Design Process

Knowing the common and innovative methods of electrical and mechanical connection was not
enough to create a high-power connector. A systematic design process needed to be developed in
order to capture all constraints and required parameters early in the design; how to evaluate the
design for electrothermal and wear reliability; and how to evaluate the insulation and housing
aspect of the design for safety. The electrical connector design process was created based on the
framework laid out in the research article “A Systematic Approach for the Reliability Evaluation
of Electric Connector” [33]. The new design process created was broken into two phases: the
functional design phase and the reliability design phase. The full twelve step process is laid out

below:

Functional design phase
1. Define Constraints
a. Current rating and voltage rating
b. Define Mechanical Structure Limits: Interface, Mounting, Housing, Termination,
Creepage length
c. Electrical Performance: Dielectric breakdown voltage, Maximum bulk temperature,
Allowable power dissipation
d. Mechanical performance: Limits on terminal insertion and withdrawal forces,
Durability, Vibration bandwidth
e. Environmental Performance: Operating temperature range, Thermal shock, Humidity,
Water and dust protection
2. Develop Structure
a. Define structure of the contact and housing (preliminary physical design)
b. Structure is dimensioned: Based on space and termination mode
3. Material Selection
a. Define contact surface plating
b. Select preliminary substrate conductivity
i) Select as a starting point for the design
c. Evaluate the resistance of the contact with plating and substrate
4. Set Parameters of contact voltage drop
a. Define maximum allowable contact voltage drop
i) Conduct electrothermal analysis without contact resistance
(1) If resulting temperature > specification defined earlier: Increase the
conductivity of substrate in step 3 and repeat and/or redefine temperature
operating range in 1b
(2) If resulting temperature < specification: continue
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ii) At this step, the allowable power dissipation between contact surfaces should
be defined (allowable power dissipated through contact resistance turning into
heat)
iii) Additionally, keep voltage drop below 20 mV to avoid
softening of material
5. Theoretical electrothermal analysis

a. Find minimum allowable contact resistance
1) Input: current through contact and voltage drop allowed, output: resistance
il) Future contact resistance must be lower than this calculated value

6. Theoretical Contact Analysis
a. Find the minimum contact force based on the minimum contact resistance and material
properties of substrate

i) Gives the minimum contact force the “spring” must provide

b. Find the restoring force of “spring” based on the contact force

c. Find maximum stress in “spring” (input: restoring force, output: max stress)

d. Find the minimum yield strength of the material (input: max stress, output: yield

strength)
i) Determine substrate material
ii) Determine upper limit of contact force based on geometry and yield strength of
selected material
e. Conduct electrothermal analysis with contact resistance

Reliability design phase
7. ldentify degradation mechanisms
a. Substrate degradation
i) Stress relaxation evaluation: Determine the maximum allowable relaxation
percentage (based on maximum allowable contact resistance which also
determines minimum contact force and temperature range)
i) Thermal diffusion evaluation: determine its effects on contact resistance
b. Surface degradation analysis
i) Sliding wear evaluation: determine the number of mating cycles for the
connector
ii) Fretting wear evaluation
(1) Determine the upper limit of contact force based on an increase in
resistance due to wear during vibration
c. Surface and substrate compatibility
i) Thermal expansion
i) Intermetallic
9. Vibration reliability analysis
a. Determine minimum contact force is satisfied for vibration and impact scenarios
10. Anti-overcurrent ability is assessed
11. Evaluate connector housing impact
12. Evaluate housing safety
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3.2 Functional design phase

The functional design phase was comprised of defining the initial constraints and parameters,
developing an initial design and then evaluating and redesigning as necessary to create a connector

that performs under the required conditions.
3.2.1 Define Constraints

The first aspect of the design process was to define the constraints on the connector. These came
in four categories: electrical performance, mechanical structure limits, mechanical performance
and environmental performance. Defining the current and voltage, step 1a, was separated from the
other electrical performance characteristics because this was the starting point for the high-power
shipboard connector. Other electrical performance constraints were defined such as acceptable
power dissipation by the contact and by the total connector, and dielectric breakdown voltage of

the insulation.

Mechanical performance constraints such as the maximum force to insert and mate the
connector were defined. The mechanical structure parameters defined included the maximum
dimensions of the contact and housing as well as the required creepage distance based in the
voltage characteristic. How the contacts would terminate or the type of connector housing that
would be used were also important parameters. Finally, environmental performance was defined

based on the ambient conditions in which the contact would operate.

Ambient temperature was a very important constraint that fell under environmental
performance. Higher ambient temperatures led to hotter contacts; hotter contacts had lower current
capacity compared to the same contacts at lower temperatures. The current capacity of a contact
was limited by its thermal properties which was a function of the ambient temperature and the self-
heating aspect of the metal carrying the current. If possible, it was beneficial to the design process
to define the maximum bulk temperature of the contact and maximum temperature of the contact’s

material.

Constraints came from the electrical and physical requirements imposed on the connector
and the designed operating conditions. Constraints and requirements may have been explicitly

stated by the user or implicitly based on safety standards and similar connector characteristics.
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3.2.2 Develop Structure

Once all the constraints were defined a preliminary physical design of both the contact and housing
were made. The type of electrical connection method was chosen and the arrangement of the
method was decided upon based on the allowable space and termination modes of the connector.
Initial dimensioning of the insulation was made based on the housing safety and protection
requirements of the connector. The use of computer-based library of past connector designs could
be useful to inform new designs as suggested by Yap [34]. Reviewing high-power commercial
connectors and underwater connector designs, such as papers by Galford [35] and Remouit [36],
could inspire waterproofing methods and physical structure of connector designs. Other sources
of structural inspiration could include automotive electric drive power connectors used in the
electric vehicle industry [37] [38], a high current connector made for pulsed electric weapons [39],
or the underground dead break utility sector [40].

3.2.3 Material Selection

Initial selection of the insulation materials based on the defined structure and constraints was made.
The contact’s surface plating was selected taking into account the properties of the coating as
suggested by Yasuoka et al. [41]. Initially only substrate conductivity was defined. Total resistance
of the contact plating and substrate was theoretically computed.

3.2.4 Set Parameters of contact voltage drop

The maximum allowable contact voltage drop at the contact point was defined using the allowable
power dissipation constraint. Theoretically calculating the voltage drop using Finite Element
Modeling (FEM) is the best practice for this step. Many papers demonstrate how well FEM
programs can handle the electrothermal analysis required to accurately compute the voltage drop
through a contact [42] [43] [24] [44].

First the electrothermal analysis was conducted assuming the contacts were one solid piece
using just the bulk resistance. If the resulting temperature rise in the contact was higher than the
specified temperature defined earlier, the conductivity of the substrate from step 3 was increased.
Once the temperature was below the specified temperature the process proceeded knowing the

voltage drop through the bulk material. The voltage drop across the contact point and allowable
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power dissipation through contact resistance turning into heat were identified. The voltage drop
across the contacts generally needed to be lower than 20 mV in order to avoid softening of the
metal [9] [45].

3.2.5 Theoretical electrothermal analysis

In this step the minimum allowable contact resistance was identified using the current through the
contact and allowable voltage drop identified in step four [33] [44]. In future steps, the contact

resistance needed to be lower than this calculated value.
3.2.6 Complete electrothermal analysis with contact resistance

Using the minimum contact resistance, the minimum contact force that needed to be exerted was
calculated [33] [42] [44] [46] [47] [48] [49] [50]. This provided the minimum normal force the
“spring” had to provide. From there the restoring force of the “spring” and maximum stress in the
“spring” were identified. Using the maximum stress as an input the minimum yield strength of the
material was determined [24] [50]. Based off the found material properties and identified electrical

properties of the substrate from earlier, the substrate material was chosen [51] [52].

At that point the substrate and coating were selected. The upper limit of the contact force
was determined in order to lower the contact resistance as much as possible. Finally, a full
electrothermal analysis was conducted with the chosen materials and forces to confirm the contact
was within the defined constraints [42] [19] [25].

3.3 Reliability design phase

The next phase of the design process was to assess contact design and preliminary housing design

for the intended environment, application, and lifespan.
3.3.1 Identify degradation mechanisms

Depending on the metals chosen there were different degradation mechanisms at work. Surface
film formation was a common mechanism as was fretting corrosion and creep. If degradation
mechanisms were identified they could be specifically tested and defended against. A substrate
degradation method that was always considered and evaluated was stress relaxation. As the
connector was used, the metal would undergo stress relaxation and would not exert the same force
as it did when first manufactured [33] [42] [53].
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Thermal diffusion occurred when the substrate diffused to the surface of the coating which
increased the resistance of the contact. Different combinations of metals and thicknesses affected
the rate of diffusion [54]. This phenomenon should be evaluated to determine the effect on the

contact over its expected lifespan [55].

Surface sliding wear evaluation determined the number of mating cycles the contact could
undergo before needing replacement [56]. This was especially important if mating cycles was a
defined constraint. Fretting wear was evaluated for its impact on resistance as a result of vibration
and mating [57] [58]. The compatibility of the surface coating and the substrate were evaluated for
differential thermal expansion coefficients so as one metal did not unduly stress the other upon
heating. Finally, intermetallic formation at the interface between the two metals as a result of
current surges in the electrical signal needed to be assessed as the formation could raise the
resistance and lower the mechanical strength of the contact over time [59].

3.3.2 Vibration reliability analysis

Depending on the application, vibration analysis was conducted on the contact and housing to
ensure proper forces were applied in order to keep the connector and contact intact without
disturbance in the electrical connection [43] [60] [61].

3.3.4 Assess Anti-overcurrent ability

The ability to withstand higher current pulses for varying amounts of times was investigated in
order to asses if and how much overcurrent protection was needed in a circuit using the contact
[33] [47].

3.3.5 Enclosure review

The impact of the connector housing that encompasses the contact had on the contacts performance
was evaluated. It was determined if the housing adversely impacted the temperature of the contact
or if there were additional limitations that needed to be applied to the structure. The connector

enclosure was redesigned as necessary.
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3.3.6 Evaluate housing safety

Beyond the impact of the enclosure on the contact, the enclosure needed to be assessed for safety
to the personnel handling the connector. Creepage requirements needed to be long enough for the
anticipated environmental conditions [62] [63] [64].

The result of following the twelve-step design process was an electrical contact that was
designed to meet the constraints of the application. If at any stage of the design process the
connector failed the evaluation of a step, the designer needed to revert to an earlier step in the
process to correct the short comings and follow the proceeding steps again.

Having defined a process for connector development and testing, work turned to creating
a method to evaluate existing electrical contacts. By being able to quantitively identify well
performing existing market contacts that had been through a commercial manufacturers functional
design phase, the design of the high-power contact could be accelerated by incorporating an
existing contact into the connector design. If existing contacts did not meet specifications
precisely, they could be used as a starting structure in the functional design phase. Much of the
wear and metallurgical issues had already been investigated and addressed in the manufactures’
development of existing contacts.
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4 Louver Based Electrical Contacts

The common theme across all of the off the shelf commercial connector electrical mating
mechanisms reviewed was the use of multiple mechanically independent, low resistance contact
points. Chapter 2 described all categories of electrical mating mechanisms found during the
connector review. Seventy-three percent of the connectors used multiple individual spring-loaded
contact points in order to achieve electrical connection between the bulk plug and bulk socket
contacts. The technique to provide separate local area contact points each with individual spring
like properties, thus ensuring constant local area pressure, was referred to as a “louver” contact.
Louver was the general term used to categorize these metal-to-metal contacts where one side used
individual spring like “fingers” while the corresponding contact side was a flat surface. Chapter 2
broke the general classification of louver into a number of categories including leaf springs, torsion
louvers, floating contact compression spring mechanisms, and double spring-loaded louvers.
Figure 4-1 illustrates the concept of multiple louvers and shows the electric equivalent circuit of
one louver. The advantage of the louver was that many of these equivalent circuits act in parallel,
reducing the total resistance. Each louver had its own independent spring pressure to ensure the
multiple parallel paths stayed in contact with adequate pressure. Even if one failed it would not

affect the other spring mechanisms and many electrical paths would still exist.

connection with Multilam clectric equivalent circunt

Ky 4. outer bulk |
conductor |
A %
R .contact |
Rs...inner bulk
. T
. R.;...contact 2
1L
Ry oz .. outer bulk 2

Figure 4-1: Diagram of the electric flow lines through a torsion louver from Gatzsche et al. [19]
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4.1 Multilam

A particular diverse brand of torsion louvers was called Multilam produced by Staubli. These
torsion louvers were produced in strips and could be inserted into sockets or attached on the outside
of a plug. When deciding to use Multilam in a plug vs. socket configuration there were a couple
of considerations to keep in mind. The louvers were better protected in a socket configuration. If
it was installed on the plug and the plug was dropped or not handled properly, there was a higher
risk that the louvers would be damaged. Secondly, in a plug configuration, the louver strips would
require something to retain it in place, for example a groove with an undercut or snap rings as
shown in Figure 4-2.This could increase manufacturing/material costs. In a socket configuration,

some Multilam were self-retaining in the groove as shown in Figure 4-3.

Figure 4-2: A BL25A contact with the Multilam on the outside with retaining rings to keep it in place.

58



Figure 4-3: Self retaining Multilam in a socket

As discussed in Chapter 2, torsion louvers came in one component, type I, and two
component, type |1, configurations. Multilams were offered in nine different variations, five type
I, as shown in Figure 4-4, and four type Il, as shown in Figure 4-5. Each variation offered a
different geometry and louver spacing which affected its current capacity, normal force, contact
resistance, minimum bending diameter, and maximum bending diameter. Minimum bending
diameter was defined as the diameter of the tightest circumference the strip of Multilam could be
bent into for application on a plug or in a socket. Figure 4-6 shows the array of different types of
Multilams available and their comparative sizes. Each type of Multilam was offered in varying
strip thickness which affected the five properties stated earlier. Generally, a strip with thinner
Multilams were used for high mating frequency applications and thicker strips were used in less

frequent mating applications.
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Louvers per inch (LPI): 5.08 LPI: 10.16 LPI: 10.16

Min. diameter: 25 mm Min. diameter: 25 mm Min. diameter: 8/20 mm
E F
LAIB LAl

LPI: 10.16 LPI: 16.93
Min. diameter: 25 mm Min. diameter: 3.5 mm

Figure 4-4: Type | Multilam louvers

G LA-CUT... H
LA-CU
= N,
LPI: 7.26 LPI: 6.35
Min. diameter: 12 mm Min. diameter: 50 mm
LA-CUD... I LRG0 )

LPI: 10.16
Min. diameter: 25 mm

LPI: 10.16
Min. diameter: 25 mm

Figure 4-5: Type Il Multilam louvers
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Type Il Type |
Figure 4-6: Side by side size comparsion of different Multilam variations offered by Staubli [10]

10.16 10.16 6.35 7.26 10.16 5.08 10.16 10.16 16.93

4.2 Methodology for Multilam design

A methodology to design a Multilam contact was developed with equations presented by Staubli
[10]. The methodology was based on designing the smallest diameter contact, based on physical
space, given a specific louver and extracting the characteristics of resistance, current capacity,

power attenuation, and sliding force.

n=number of louvers

d=diameter of contact

r=contact spacing

Ri=Overall resistance of whole contact assembly
Rst=Average contact resistance of one individual louver
Fs=Sliding force of a contact

w=Friction coefficient

Fk=Contact force per louver

lw=Rated current of whole contact assembly

lp=Rated current for one individual louver

n = d:n (1)
Ry =% @
Iy, =n=*I, 3)
P=1,2+R, (4)
Fs=nx*p x F ®)

First the given diameter was used in equation (1) to find the number of louvers that would
fit and rounded down to the nearest whole number. The overall contact resistance and total current
capacity were found based off the number of louvers using equation (2) and (3) respectively.
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Power dissipation was based on the current capacity and resistance of the contact assembly.
Finally, the sliding force was found by means of equation (5), using a friction coefficient and the
normal force exerted by the louvers. Throughout this paper a standard friction coefficient of 0.35
was used in all calculations. It is important to note that the friction coefficient can be affected by
surface treatments, lubricants, and base material of the contact part. All electrical information
presented for Multilam was based on optimum conditions: surfaces had clean coatings, not

oxidized or polluted and the ambient temperature was 20°C.

Table 4-1: Multilam variant characteristics and minimum diameter design characteristics

[ B ] [ W]
! LA-CUDD/0.15/0
Louvers per inch

Resistance of one louver (ohm) | 0.00029]  0.0003] 0.00035] 0.00025] 0.0003] 0.00035 0.0003 0.0004 0.00033 0.00014

Contact forceperlowver(N) | 171 of 20l _105] 325 16| 7l 1] 5| 10

Design based on minimum diameter

Round Contact: diameter (mm)

The top half of Table 4-1 shows the governing parameters for the selected Multilam
variants. The bottom half of the table shows the characteristics of each Multilam variant at its
minimum diameter. The same equations could be used to design a Multilam using total contact
current capacity as a starting point in order to determine the number of louvers necessary and

corresponding diameter, resistance, current capacity, power dissipation and force.

Due to the minimum diameter constraint on the Multilams, some were restricted on how
they could optimally be designed for space savings for current ratings under their minimum
diameter current capacity. Table 4-2 displays an attempt to design contacts around a current
capacity of 400 A. Only Multilams C, F and G could be improved to have less louvers and a smaller

diameter than the required minimum diameter.
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Table 4-2: Multilam design for a 400 A current contact

| B | D F !
LAO-G/0.25 LAIA/0.50 LAI1/0.20) LA-CUT/0.25 LA-CUDD/0.15/0

Design based 400 A
Current Capacity of contact | 645| 1178] 435|107 1085| 460 400  1560] 1550|2790

Voltagedrop(mv) | 773l 3871 _933] 400l 3871 700 12000 410l 426 18]

The question of how to choose a Multilam option based on design constraints and priorities
was an important one to answer. The solution came in the form of Multilam Contact Design
Graphs. Eight graphs were made to aid choice and design of a contact. These graphs, enabled the

designer to choose the right Multilam contact for a given purpose and set of priorities.
4.3 Compact Multilam design example

Given the shipboard environment and the premium on space, it was desired to select contacts that
were as compact as possible. The Multilam Contact Design Graphs were used to select Multilam
variants that were competitive against each other and would fulfill the desire to make a compact
connector. Below details the process of selecting Multilam variants for a 1000 A contact.

First using the Total Current Capacity v. Diameter graph the Mulitlam variants were
selected with the corresponding diameter given the required current capacity. Figure 4-7 displays
the graph and the horizontal black design line at 1000 A. Four Multilam variants intersected the

design line and were selected to proceed to the second step of the process.
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Total Current Capacity v. Diameter
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Figure 4-7:Multilam Total Current Capacity v. Diameter design graph, 1000 A black horizontal design
line

The sliding force for each contact at the given current capacity was identified using the

Sliding Force v. Total Current Capacity design graph, Figure 4-8.

Sliding Force v. Total Current Capacity
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Figure 4-8: Multilam Sliding Force v. Total Current Capacity design graph, 1000 A black vertical design
line
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Finally, the power dissipation at the design current, 1000 A, was identified and compared

on the Power Dissipation v. Sliding Force graph, Figure 4-9. Black stars indicate the 1000 A point
design for each variation.
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Figure 4-9: Multilam Power Dissipation v. Sliding Force design graph. Stars indicated 1000 A contacts.

A summary of the findings is in Table 4-3. Option G had the lowest sliding force, but had
a high-power dissipation. If size was truly the driving factor option C+ was the most compact, but

at the cost of a high sliding force. If there were a power dissipation constraint for 10 W, option E+

would be the only choice. This method of design selection was valuable as it down selected

variants from a multitude to just a few which could be assessed according to particular constraints

and priorities. Further Multilam design summary examples are in Appendix B.

Table 4-3: Design summary of 1000 A Mulitlam options

# of

Round Contact:

Current Capacity

Resistance of

Sliding force of

Power

louvers |diameter (mm) |of contact (A)  |contact (uQ) contact (N) dissipation (W)
A: LA0/0.30 24 38.22 1032 12.08 142.8 12.08
C+: LAIA/0.40 27 21.50 1026 10.37 642.6 10.37
E+: LAIB/0.25 35 27.87 1015 10.00 245 10.00
G: LA-CU/0.15-0.5 |25 27.87 1000 12.00 61.25 12.00
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4.4 Other Louver Contacts

It was beneficial to find a way to compare and design a contact with different Multilam louver
variants. The same process was applied to non-Multilam louver contacts. The idea of breaking
down the electrical and physical properties per louver was applied to other commercial contacts
that used louver electrical mechanisms. Contacts were reversed engineered using the known
contact characteristics and values of: rated current, contact resistance, contact diameter, number

of louvers, and insertion force.

The process started with the known characteristics to first determine the louver pitch
(contact spacing) using equation (1). The resistance of one louver, equation (2), the rated current
of one louver, equation (3), and the contact force per louver, equation (5), all of which could then
be found based on the known parameters and louver pitch. This broke down the characteristics of
the contact into per louver form, just as Multilam contact characteristics were listed. The
information could then be linearly extrapolated using the same equations and process as described
in section 4.2 to form other size and rated contacts that would use the same louver technology.
Before this process, commercial contacts were rated for many different currents and there was no
way to directly compare electrical contact designs against one another. Using this process different
contact louver technology could be compared across a common parameter to determine a best
option to proceed further into the design process.

4.4.1 Introduction to the other Louver Contacts

Twelve contacts were selected for further investigation. The criteria for the twelve selected were
to be a split socket/plug, a leaf spring socket, or torsion louver socket/plug in order to employ the
methodology laid out earlier. There also had to be enough information provided by the
manufacturer in order to conduct the analysis. The pieces of information necessary were: rated

current, contact resistance, contact diameter, number of louvers, and insertion force of the contact.

The twelve contacts are pictured in Figure 4-10 and Figure 4-11 and labeled with the
current rating the original contact was manufactured to handle. There are some distinctions to note
for several of the contacts. The Radsok contact was a louver system much like the Multilam, that

could be applied to a pin and socket. It was an electrical contact technique that could be compared

66



directly to the Multilam contacts. Its electrical characteristics were provided for the contact

technique alone.

Radlok was a full connector that employed Radsok technology, therefore the Radlok could
be directly compared to other connectors because the electrical data such as electrical resistance
applied to the full connector, louvers and bulk resistance, much like the other electrical connectors.
Turntac, Lamtac and Springtac came in a range of sizes able to accommodate a range of currents.

The Turntac contact was analyzed at the 125 A rating corresponding to the 10 mm size socket.

The number of louvers changed nonuniformly or linearly with size in Lamtac and Springtac
so the methodology was not applied to these two contacts. The manufacturer, ODU, provided size,
force, current, and resistance data at each size of contact. This information was used to compare
them to other full connectors. The per louver information was assessed at a contact size for which
the number of louvers were also known; the 5 mm 135 A Springtac, and the 4 mm 115 A Lamtac.

Finally, mating force came in two variations, connector mating force and sliding force. As
discussed in 2.3, the sliding force or electrical mating force was the maximum friction force
induced by the contact mating process. The connector mating force or plug-in force was the
maximum force needed in order to both electrically mate the contact as well as mechanically mate
the connector. The plug-in force took into account weather proofing mechanisms that increased
the mechanical mating force. DW1, HBB, Han S, and Kona only provided plug-in mating forces

while all other manufacturers provided sliding force data.
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Radsok

Louvers per inch (LPI): 13.5 LPI: 26 LPI: 26.6
Current Rating: 60-1000 A Current Rating: 200 A Current Rating: 200 A
EV1 Lamtac Springtac
Spark provectan
SOCKET
LPI1: 13.15 LPI: ~36 LPI: ~65

Current Rating: 120 A

Current Rating: 49-1790 A

Current Rating: 43-1330 A

Figure 4-10: Selected louver contacts for reverse engineered per louver analysis

LPI: 23.48
Current Rating: 500 A

Radlok

LPI: 13.5
Current Rating: 400 A

Powersafe

LPI: 13.03
Current Rating: 500 A

Kona

LPI: 10.5
Current Rating: 60 A

Dwi1

LPI: 12.5
Current Rating: 500 A

Turntac

LPI: 3.24
Current Rating: 39-125 A

Figure 4-11: Selected louver contacts and connectors for reverse engineered per louver analysis

4.4.2 Other Louver Contacts per louver results

By breaking down the electrical and force information of the contacts into a per louver basis,

extrapolated data could be used to predict the size, force, and electrical characteristics of contacts

outside of the products offered by existing manufacturers. By doing so, the technology and
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technique of an existing commercial contact could be selected in order to pursue the design of a

new contact. Table 4-4 displays the results of the per louver comparison.

Table 4-4: Per louver comparison between selected louver connectors

Springtac (5 mm diameter) 3.38 0.39 64.71 8.00|Assembly 1.29|Electric
Lamtac (4 mm diameter) 6.39 0.70 36.40 5.40|Assembly 1.59|Electric
LSH Series 10.00 0.95 26.61 2.00|Assembly 6.29(Electric
HBB Series (size 21) 13.89 1.08 23.48 1.80|Assembly 27.78|Mechanical
DW1 19.23 2.03 12.54 5.20(Assembly 43.96|Mechanical
Powersafe 17.24 1.95 13.03 14.50|Assembly 6.40|Electric
Han S 5.26 0.98 25.98 11.40{Assembly 1.13|Mechanical
EV1 9.23 1.93 13.14 6.50(Assembly 1.01|Electric
Kona 10.00 2.42 10.49 12.00|Assembly 23.81(Mechanical
Turntac (10 mm diameter) 62.50 7.85 3.24 0.50|Assembly 8.57|Electric
Radlok 14.29 3.14 18.85 6.60|Assembly 8.33|Mechanical
Radsok 16.88 3.14 18.85 0.72|Louvers 8.33|Electric

Using the information in Table 4-4, design graphs similar to those in section 4.3 were
developed. A connector could be selected for an application through the use of the design graphs.
The 1000 A application example is illustrated below.
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Total Current Capacity v. Diameter
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Figure 4-12: Louver Contacts Total Current Capacity v. Diameter design graph, 1000 A black horizontal
design line

As before, the black horizontal line delineates the design line of 1000 A. The solid lines
are louver contacts with electrical data for the full connector. Contacts plotted in a dashed line,
such as the Multilam louvers, were louver only electrical data meaning the rest of the bulk
resistance that would make up a contact was not taken into account. EV1 and Han S stood out as
large diameter contacts compared to the majority the other contacts which ranged from a diameter
of 20-38 mm.
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Power Dissipation v. Total Current Capacity
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Figure 4-13: Louver Contacts Total Power Dissipation v. Total Current Capacity Log- Log design graph,
1000 A black vertical design line

Figure 4-13 shows the power dissipated by each type of contact plotted against the total
current capacity of the contact. The design line is indicated by the vertical black line at 1000 A.
All of the louver only contacts, dashed lines, had lower power dissipation levels than full contacts.
This was important to note as they did not include the bulk resistance like the full contacts. It was
expected that once they are paired with a pin and socket, the source of the bulk resistance, the
resistance curves would move up on the graph. Radsok for instance was used in the Radlok
connector, due to the bulk resistance not accounted for in Radsok, the Radlok power dissipation
was an order of magnitude larger.
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Sliding Force v. Total Current Capacity
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Figure 4-14: Louver Contacts Sliding Force v. Total Current Capacity design graph, 1000 A black vertical
design line

Figure 4-14 graphically shows the sliding force associated with the 1000 A contacts.
Dashed lines are again louvers alone, however unlike before these can be directly compared to the
solid lines because they are just the sliding force to mate the electric contacts. The dotted lines of
HBB, DW1, Radlok, and Han S graph the plug-in force.

Radlok did not use the same size diameter contact to make a 1000 A contact as the Radsok
louvers alone would imply. Radlok employed a larger Radsok due to derating by the manufacture.
It was unknown if this was done as a result of heating in the louvers, bulk material, or casing, or if

it was done just as a precaution for the application of the Radlok.

Derating is the technique of operating contacts below their maximum power rating taking
into account ambient temperatures, cooling mechanisms, and self-heating. The International

Electrotechnical Commission (IEC), an international standards organization for electrotechnology

72



offers a process to test a connector and develop derating curves [65]. As the process explains:
“current carrying capacity is limited both through the thermal properties of the materials used for
the contacts and connections and the insulation elements. Thus, it is a function of both the self-
heating and the ambient temperature at which the component part is operated” [65]. As an example,
the Radsok derating curve is shown in Figure 4-15. As ambient temperature increases the current
capacity decreases. A change in the insulation, housing, or termination method would require
reassessment of the derating curve. When the commercial connector review was conducted
derating figures were not always available; therefore, current ratings presented in this paper were

taken from manufacture advertised ratings and not adjusted according to any derating curves.
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Figure 4-15: Derating curve for the 3.6 mm Radsok [66]

The design tools presented in this thesis could be improved if all the contacts were
compared at the same ambient temperature condition. This would improve the comparison
between off the shelf contacts and connectors by comparing them at the operating temperature

they would be expected to operate in the shipboard environment.
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Tabulated characteristics of the various contacts are displayed in Table 4-5. The top half of

the table, orange and green rows, represent contact information for louver and bulk electrical data.

The lower half of the table in gray represent contact information for the louver only designs.

Table 4-5: 1000 A louver contact design characteristics.
*Extrapolated data from baseline connector, TFull connector plug-in force

Round Current
Contact Capacity Resistance Sliding force | Power

# of "Diameter" | of contact | of contact of contact dissipation

louvers | (mm) (A) (nQ) (N) (W)
Springtac 28 1285 90 90 90
Lamtac 24 1235 40 45 40
LSH* 100 30.4 1000 20 220 20
HBB* 72 24.8 1000 25 350t 25
DW1* 52 33.54 1000 100 400t 100
Powersafe* 58 36 1000 250 130 250
Han S* 190 59.15 1000 60 75+ 60
EV1* 109 67.08 1006.15 59.63 38.55 59.63
Radlok* 70 30.00 1000 94.29 204.17t 94.29
Radsok* 60 25.75 1012.5 12 175 12
LA0/0.30 24 38.22 1032 12.08 142.80 12.08
LAIA/0.40 27 21.50 1026 10.37 642.60 10.37
LAIB/0.25 35 27.87 1015 10 245 10
LA-CU/0.15-0.5 | 25 27.87 1000 12 61.25 12
LAIB/0.30 32 25.48 1120 9.38 364 9.38
LAIA/0.50 26 20.70 1118 9.62 955.50 9.62

Another graphical way to easily interpret the data was through a bar chart such as Figure

4-16. The diameter of the contact and power dissipation were plotted using the left-hand vertical

axis and the sliding force of the contact was plotted using the right-hand axis. The louver only

contacts without other parts are depicted in striped bars. In this graph it was easy to compare the

various contacts at a specific current rating.
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Figure 4-16: Bar Chart comparison for 1000 A louver contact designs. Louver only electrical data in
striped.

This design tool was very useful when choosing a contact that needed to optimize a specific
characteristic. For example, if sliding force needed to be the lowest possible, EV1 and Lamtac
stood out on the graph for having the lowest mating force. Size and power dissipation could be

easily compared according to the other design priorities of the application.
4.5 Development of Figures of Merit

Using per louver electrical information was important to compare contacts at a specific current
rating. Another broader non-dimensional practical way to compare like contacts to one another
would be beneficial to the design process. This led to the development of four separate Figure of
Merit (FOM). To establish the FOM values, key connector performance parameters are first
normalized by a per-unit-length quantification, and then these normalized per length values are
combined to set several different FOMs.
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4.5.1 Per Linear Inch Comparison

The first step was to compare all contact characteristics on a uniform per length dimension. Per
louver was not the best comparison method since each contact employed different size louvers and
different spacing between each louver. By comparing on a per linear inch basis, a strip of contact
louvers of one type could be directly compared to other contacts. Table 4-6 shows the per inch
length characteristics of full contacts, and Figure 4-17, Figure 4-18, and Figure 4-19 graphically
compare the three characteristics of maximum current per inch, resistance per inch, and sliding
force per inch. Current per inch and resistance could be directly compared because all the contacts
included bulk resistance and a full connector. Sliding force per inch was divided into two

categories shown in blue and green, plug-in force and electrical contact sliding force.

Table 4-6: Per inch length characteristics of full contacts
tIndicates sliding force is for full plug-in force

Springtac (5 mm

diameter) 64.00 216.00 | 0.13 28.80 |5.83 0.086
Lamtac (4 mm

diameter) 36.00 230.00 | 0.15 20.00 |7.94 0.043
LSH Series 26.00 260.00 | 0.08 57.20 |5.20 0.185
HBB Series (size 21)t 23.00 319.44 | 0.08 223.61 | 7.99 0.557
DW1t 12.00 230.77 | 0.43 184.62 | 23.08 0.250
Powersafe 13.00 224.14 | 1.12 29.14 | 56.03 1.042
Han St 25.00 131.58 | 0.46 9.87 7.89 0.290
EV1 13.00 120.00 | 0.50 4.60 7.20 0.421
Konat 10.00 100.00 | 1.20 83.33 12.00

Turntac (10 mm

diameter) 3.00 187.50 | 0.17 9.00 5.86

Radlok* 18.00 257.14 | 0.37 52.50 24.24 1.059
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Maximum Current per inch (A/in)
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Figure 4-17: Maximum Current per inch of full connectors
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Figure 4-18: Resistance per inch of full connectors
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Sliding Force per inch (N/in)
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Figure 4-19: Sliding force per inch of full connectors
Green columns represent plug-in force connector data. Blue columns represent data associated with
louver sliding forces only.

Table 4-7 shows per inch characteristics of the louver only contacts. All louvers can be directly

compared to each other graphically in Figure 4-20, Figure 4-21, and Figure 4-22.

Table 4-7: Per inch length characteristics of louver only contacts

Radsok 18.00 |303.84 | 0.04 52.50 |3.69 0.161
LAO0/0.30 5.00 215.00 | 0.06 29.75 |2.68 0.065
LAOQ-G/0.25 8.00 304.00 | 0.04 25.20 |3.47 0.067
LAIA/0.25 10.00 | 290.00 | 0.04 70.00 |2.94 0.040
LAIA/0.30 10.00 | 350.00 | 0.03 113.75 | 3.68 0.060
LAIA/0.40 9.00 342.00 | 0.03 214.20 | 3.64 0.079
LAIA/0.50 10.00 | 430.00 | 0.03 367.50 | 4.62 0.125
LAIB/0.20 11.00 | 308.00 | 0.04 57.75 ]3.45 0.038
LAIB/0.25 10.00 | 290.00 | 0.04 70.00 |2.94 0.040
LAIB/0.30 12.00 | 420.00 | 0.03 136.50 | 4.41 0.072
LAII/0.20 16.00 | 368.00 | 0.02 89.60 |2.96 0.026
LA-CU/0.15-0.5 7.00 280.00 | 0.04 17.15 |3.36 0.062
LA-CUT/0.25 14.00 | 560.00 | 0.03 49.00 |8.96 0.722
LA-CUD/0.15 13.00 | 650.00 | 0.03 36.40 |10.73 0.224
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Maximum Current per inch (A/in)
700.00
600.00

500.00
400.00
300.00
200.00
100.00 I
0.00
‘k-'bgff’ P D P SN

) . . .
& Seans
A

Figure 4-20: Maximum current per inch of louver only contacts
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Figure 4-21: Resistance per inch of louver only contacts
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Sliding Force per inch (N/in)
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Figure 4-22: Sliding force per inch of louver only contacts

Turntac and Kona were split plug/socket contacts and were not analyzed for maximum power

dissipation per inch. All other contacts were using equation (6).

Rin=Resistance per inch (€/in)
lin=Maximum Current per inch (A/in)
Pin=Power dissipated per inch (W/in)
t=thickness of louver

w=width of louver

Py, = Iin2 * Ry * (Zt * W) (6)

The thickness and width dimensions of the louvers are depicted in Figure 4-23, Figure
4-24, and Figure 4-25. Another way to state “w” would be the depth of the louvers in the contact

assembly.
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Figure 4-23: Louver thickness, width, and height measurement dimensions

Figure 4-24: The width dimension illustrated on louvers in a socket
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|

Figure 4-25: The width and thickness dimensions of a Multilam louver

The results of the power dissipated per inch are graphically depicted in Figure 4-26 and Figure
4-27.

Maximum Power Dissipated per inch (W/in)

Figure 4-26: Maximum Power Dissipated per inch of full connectors
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Maximum Power Dissipated per inch (W/in)
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Figure 4-27: Maximum Power Dissipated per inch of louver only contacts

4.5.2 Figures of Merit

The FOMs were composed with non-length-dimensional combinations of quantities so that
absolute size effects were minimized. They were made to be functional for designers to select a
contact which would best suit their application without having to go through the comparison design
graphs and tables previously presented. The FOMs were weighted in such a way that the higher
the non-dimensional FOM score the better the contact. The three definable, measurable and useful
parameters used in creating the FOMs were:

1) Rin=Resistance per inch (m£)/in)

2) Fin= Sliding force per inch (N/in)
3) lin=Current per inch (A/in)

The best connector would have a high current per inch, low resistance per inch and low sliding
force per inch. Many different non-dimensional combinations were evaluated in the development
of the FOMs. In the end, three FOMs were created that weighed one characteristic as a priority to
help a designer concerned about a specific aspect of the contact. A fourth FOM was created as an

all-around best contact.

The first Figure of Merit, FOM1, weighed current per inch more than sliding force or

resistance. This FOM would be especially useful for a designer looking to make a space efficient
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design, prioritizing a small size while still balancing power loss and sliding force. FOM1 was

computed using equation (7).

FOM1 = " (A% mQ N) )

FOM2, equation (8), was weighed toward minimizing the resistance of the contact and

consequently power loss.

3
Iin2

Rin*\/Fin

FOMS3, equation (9), prioritized sliding force, meaning contacts with lower sliding force had higher

FOM?2 = (A%?/ mQ NY?) (8)

FOM3 scores while still balancing current density and resistance.

3
Iin2

Fin*\/R_in
The last FOM, FOM4 was computed using FOM1, FOM2, and FOM3. It was derived from the
average of the other three normalized FOMs. It was calculated by normalizing each individual

FOM3 = (A%?/ mQY? N) 9)

FOM score of the contact, dividing the FOM score by the summation of all contact FOM scores
for that particular FOM. The resulting normalized FOM1, FOM2, and FOM3 scores for a particular
contact were then averaged to produce FOM4. FOM4 scores lay between 0 and 1, the higher being
better. Only like contacts can be used to normalize against each other, thus full contacts and louvers
were calculated separately. FOM4 worked best when a robust number of contacts with like
characteristics were compared. In an effort to do so, in this study as an approximation sliding force
data was halved in FOM computations for contacts that only had plug-in force information

available.
4.5.3 Figures of Merit Results

The results of the full connector FOMs are graphed in Figure 4-28, Figure 4-29, Figure 4-30, and
Figure 4-31.
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Figure 4-28: FOML1 results for full connectors
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Figure 4-29: FOM2 results for full connectors

Using the results of FOM1 and FOM2 to compare connectors it was evident that they could
be broken into two distinct groups, the first group of: Springtac, Lamtac, LSH, and HBB, and the
other group consisting of the remaining five. The first four standout as superior connectors except
when sliding force was a major priority as seen by the results of FOM3. HBB scored low, penalized
for its high mating force and EV1 rose to second because it had the lowest mating force per inch
of any contact.
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FOM3 (A”3/2 /N (mQ)*1/2)
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Figure 4-30: FOM3 results for full connectors

FOM4 did a good job of overall quantifying the contacts in order from best to worst.
Lamtac was superior because of the high current density and low mating force. HBB was penalized
for its high mating force but still stood out because it had the lowest resistance per inch and highest
current density per inch.

Analyzing these contacts by louver characteristics alone would lead to false conclusions.
DW1 had the highest rated current per louver and comparable resistance per louver to that of other
contacts. The weakness of the DW1 design was in the large louver spacing required which resulted
in less louvers per inch. Thus, it ended up in the middle of the pack in terms of current per inch
and third to last in resistance per inch. That, along with a high mating force, resulted in DW1 being
ranked low in all FOMs.

A designer could use FOM4 to differentiate between outstanding designs and less versatile
designs the contacts of interests could be selected and compared using FOM1, FOM2, or FOM3
based on the priorities of the design at hand. Several contacts could be selected for further

investigation to suit the designer’s needs.
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Figure 4-31: FOM4 results for full connectors

The results of the louver only FOMs are graphed in figures Figure 4-32, Figure 4-33, Figure
4-34, and Figure 4-35. The results showed that the Radsok hyperboloid technology rivaled the
torsion louver technology. This presented no definitive answer to which electrical contact
mechanism was the best. In some cases, Radsok beat out Multilam and in other cases not so much.
The FOM graphs show, if all things were equal, the LAIA variety would be the best contact.
However, as discussed in 4.1, there were constraints to the LAIA in terms of available diameter
size. In these cases, the other Multilams would be better options. There are other factors as well
that could factor into selecting a Multilam including misalignment tolerance. These same
constraints would need to be considered for the other louver technology presented earlier.
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Figure 4-32: FOML1 results for louver only contacts
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Figure 4-33: FOM2 results for louver only contacts
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Figure 4-34: FOM3 results for louver only contacts
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Figure 4-35: FOM4 results for louver only contacts

4.5.4 Figure of Merit and Size

One of the most important aspects of the shipboard connector was keeping it compact. The figures
of merit went a long way in identifying good contact candidates. The FOMs were combined
graphically with the required size of the contact at a particular current rating in order to make the
best design tool when space and compactness were high priorities. The example of comparing
connectors at 1000 A is continued in Figure 4-36, Figure 4-37, Figure 4-38, and Figure 4-39. These
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figures show how size in conjunction with FOM could be used to identify the strengths of the
contacts. Full connector results are plotted in blue and louver only contacts are plotted in red. The
full connectors and louver only contacts are plotted on the same figures but may only be compared

against their own type.

FOM[1] (A*2/ mQ N) vs. Diameter (mm)
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Figure 4-36: FOM1 and size at 1000 A
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Figure 4-37: FOM2 and size at 1000 A
Since size was an important factor, Han S and EV1 would be ruled out in the design
selection process in favor of smaller contacts. FOM alone without size consideration would not be
the best way to choose a design. If well scoring contacts on FOM alone were outside of size
constraints or twice the size of a contact that had a moderate FOM score, then the choice of
choosing a smaller contact was clear through the use of these design graphs. This technique worked
best if the contacts were plotted with the FOM and appropriate size for the specific current rating

under investigation.

Design graphs and FOMs were only as good as the information available. Only like
contacts were compared to each other in this thesis, meaning contacts accounting for bulk
resistance could not be compared to contacts accounting for only the louver resistance. Assembled
connectors with bulk resistance averaged 7.6 times the resistance per inch compared to louver only
contacts. This led to a power dissipation level of 3.5 times higher per inch on average for full

connectors compared to louver only contacts. Being able to compare the louver only contacts
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directly with contacts with bulk resistance either by anticipating the bulk resistance or identifying
the only the louver resistance for every louver design would improve the presented contact

selection process.
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Figure 4-38: FOM3 and size at 1000 A
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FOM [4]

FOM [4] vs. Diameter (mm)
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5 Insulation Parameters

5.1 Creepage Distance

In order to develop the structure of an electrical connector around an electrical contact, the
important safety requirement of creepage distance had to be assessed and known. Creepage
distance is the shortest distance along the surface of an insulating material between uninsulated
electrically conductive surfaces. Figure 5-1 illustrates an example of creepage distance with a rib
between two conductive terminals. Creepage distance prevents the phenomena of surface tracking
on an insulator. Surface tracking is the formation of carbonized paths along an insulator which
eventually grow to a continuous conducting path leading to failure of the connector and risk of
electric shock and fire. The danger of failure can be avoided by designing an adequate creepage
distance along the insulation of the connector. An adequate creepage distance is influenced by four

factors: contamination, moisture, material property of the insulator, and voltage.
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Figure 5-1: Creepage distance in the dotted line illustrated in UL 840 [67]

Contamination and moisture were addressed by determining the connector’s ambient
operating conditions using the concept of pollution degree defined by the Underwriters
Laboratories (UL) standard for safety UL 840 [67]. Pollution degree (PD) was defined by the
amount and type of contaminants and condensation or moisture the connector would encounter in
its operating micro-climate. The micro-climate was heavily influenced by the macro-environment
the connector was a part of, in this case the shipboard environment. The four levels of pollution

degree are specifically defined in UL 840.
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Table 5-1: Pollution degree as defined by UL 840 and examples from Schau et al [68]

Pollution Degree

Description and example environments

Pollution Degree 1

No pollution or only dry, nonconductive pollution.

Indoors, fully air conditioned, dry with no more than average residential
dust.

Pollution Degree 2

Normally, only dry nonconductive pollution, however temporary
conductivity caused by condensation may be expected.

Indoors, in rooms with limited heating or inadequate thermal insulation
and, at times, damp. Under certain circumstances condensation may
occur. However, such locations are expected to have only an average
amount of dust. Examples may be found in apartment house entrances,
multi-floor staircases, unmanned telecommunication stations, factories,
workshops, storage areas of hardware stores.

Pollution Degree 3

Conductive pollution, or dry nonconductive that becomes conductive
through condensation that is expected.

In buildings which are unheated or have limited heat capability and
inadequate thermal insulation. At times they may be open to outside
conditions. Frequent condensation is expected and a considerable
amount of dust may be blown about. The area is protected from direct
attack by the elements. Examples of these conditions may be found in
outdoor telephone booths, barns, vehicles, damp cellars, and enclosed
loading docks.

Pollution Degree 4

Pollution that generates persistent conductivity through conductive dust
or rain and snow.

Unheated building, partly open to prevailing climatic conditions, having
long term condensation and large amounts of dust.

Insulators were classified into groups based on their tracking resistance called Comparative
Tracking Index (CTI) or Proof Tracking Index (PTI). CTI was used in UL standards and PTI was
used in IEC standards. CTI and PTI are essentially the same concept except for the test method
employed. CTI testing was conducted using ASTM 3638 [69] and PT1 using IEC 60112 [70]. Both

tests determined the maximum voltage a material could withstand without tracking in a water

contaminated test environment.

The higher the CTI or PTI value the less susceptible to tracking the material was and less

creepage distance was required. UL 840, the standard for safety for commercial applications for

insulation coordination broke materials into four groups based on their CTI, Table 5-2. In IEC

documents the PTI was stated.
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Table 5-2: Material groups from UL 840 based on CTI voltage ratings

Material Group CTI Voltage Rating (V)

I =600

I 400 < CTI <600

Ia 175 < CTI < 400

b 100 < CTI < 175

5.1.1 Creepage Distance Standards

There were several standards that cited a standard for creepage distance based on the above
properties. UL 840 was the commercial standard and had the same specified creepage distances as
IEC 60664-1, “Insulation coordination for equipment within low-voltage supply systems” [71].
Commercial electrical connectors were designed to IEC 60664-1 according to IEC 61984,
“Connectors - Safety Requirements and Tests” [72]. However, the Navy noted in its standard for
shipboard electrical equipment, MIL-DTL-917, that the “values in UL 840 tables have been found
to be too low for the Navy environment” [73]. MIL-DTL-917F gave its own set of creepage
distance standards based on voltage, power rating of the equipment, and whether the equipment
was enclosed or open. Per MIL-STD-108E, equipment or parts with no environmental protection
and permitted free transmission of air were defined to be open. Equipment had a wide variety of
sub categories ranging from drip proof to watertight. Equipment with the suffix “tight” were
considered enclosed and were protected by the exclusion of undesirable elements. Equipment with

the suffix “proof” were protected from the environment under specific conditions [74].

The standards in MIL-DTL-917 were defined for the “average degree” of enclosure and
exposure in the shipboard environment. It advised the designer to “employ creepage and clearance
distances in excess of [the] minimums where it [was] probable that structural features,
contaminants, lack of maintenance, environment, exposure, or application overstress [would]
create service conditions more severe than normal” [73]. The standard also only applied to DC
systems equal to or less than 1000 V. It directed users to use IACS (UR) E11 for systems above
1000 V. IACS (UR) E11, “Unified requirements for systems with voltages
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above 1 kV up to 15 kV” [75]. It in turn directed the user to IEC 60092-503, “Electrical

Installation on Ships — Special Features” [76].

IEC 60092 gave creepage distances based on specific PTI insulation ratings and voltage, it
did not differentiate between different pollution degrees because it was written specifically for the
shipboard environment. It was written for AC distribution systems but there were no other

standards that covered the same creepage distance material specifically for DC systems.

The shipboard based medium voltage direct current system employed with the iPEBB and
power corridor presented a unique problem when it came to creepage distance. Creepage distance
standards for high and medium voltage systems were usually sized for the utility sector whose
primary contaminates were dust, rainfall, and fog. That state of contamination was traditionally
defined using equivalent salt deposit density (ESDD) but was not applicable to the shipboard
environment. The world’s largest vessel classification society, Det Norske Veritas (DNV),
provided guidance for dimensioning creepage distances in accordance with IEC 60664-1 and UL

840; use pollution degree 3 and insulation material Illa [77].

The use of high voltage DC systems in the shipboard contamination setting was an area of
study being explored at the time of writing by Damle et al. [63]. Until an updated specific
assessment of DC systems operating in the shipboard pollution environment can be accomplished
and standards updated to reflect the results, the MIL-DTL-917, UL 840, and IEC60092 were the
guidelines to which to design shipboard electrical equipment. Navy standards were presented in
step functions, therefore at the high and low ranges of those steps it was difficult to directly

optimally design creepage distance through the Navy standards alone.

The applicable creepage distance path that the high-power shipboard connector design
needed to be concerned with was defined by IEC 61984 in its differentiation between a plug and a
connector. The creepage distance of a connector without breaking capacity, one that would not be
engaged or disengaged when live or under load, was only measured in the mated condition. A plug
on the other hand could be connected under differentiating potential and no current and its female
part in the unmated condition needed to conform to creepage distance standards as well. The
shipboard connector did not have breaking capacity and could not be disconnected without
deenergizing the circuit of both current and voltage. Therefore, the high-power shipboard

connector only needed to pass creepage standards in the mated condition.
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The UL 840 standard was compared to the military standard in Figure 5-2. The military
standard was stricter when it came to higher power electrical equipment. There was some overlap
and comparable creepage distance requirements between military equipment between 50-2000 W
and UL pollution degree 3 material 11la. However, military equipment with power above 2000 W
always required more creepage distance than UL 840 standards for pollution degree 3. Open
military equipment required minimum creepage distance to always be above any UL 840 standard.

Above 600 V the military standard far exceeded the commercial standard.
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Figure 5-2: MIL-DTL-917 creepage distance compared to UL 840 creepage distance from 0-1000 V
Above 1000 V IEC 60092 took over as the military standard. IEC 60092 like the lower

military standard was written as a step function, a specific creepage distance covered a wide
voltage range. It was not a clean handoff between the MIL-DTL-917 creepage distance at 1000 V,
as shown in Figure 5-3, and the IEC standard. The IEC standard was split between creepage
distances for switchboard equipment and creepage distances for equipment outside of the
switchboard. The switchboard creepage distance requirements were more conservative than the
“Other” equipment category. The IEC standard did not differentiate between pollution

98



environments as it is written entirely for the shipboard environment. 1EC 60092 like UL 840 was
broken down between material groups for tracking tolerance. Material group Illa from UL 840
corresponds to the 300V PTI tracking tolerance in IEC 60092.

Comparision of Creepage Standards
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Figure 5-3: Graphical comparison of creepage distance standards 900 — 8000 V
The IEC switchboard creepage standard was always higher than UL 840 pollution 3. The
IEC “Other” creepage standard however intersected with the UL 840 pollution 3 requirement in
each of its steps. At the lower end of the voltage range covered by the voltage step, IEC was more
conservative, and at the higher range of the voltage step UL 840 was more conservative. The most
conservative of all was UL 840 pollution degree 4. After crossing the IEC switchboard step
function a few times below 3600 V it always required the greatest creepage distance at higher

voltages.

Based on designing according to the DNV recommendation pollution degree 3 and material
group IIla, as well as understanding the military’s statement on finding UL standards generally too
low, the best starting point for a shipboard military design was to follow IEC 60092 switchboard
PTI1 300 V creepage distance requirements. That standard should be used as a starting point for a
shipboard military design. Additional review of the specific environmental shipboard conditions

could lead to increasing or decreasing the creepage distance.
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IEC 60092-503 Creepage Standards
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Figure 5-4: IEC 60092 Creepage Distances

Figure 5-4 shows the IEC 60092 standard across all PTI categories for switchboard and
non-switchboard equipment. The most tracking resistant switchboard material always required a

greater creepage distance than the least tracking resistant insulator in non-switchboard equipment.
5.1.2 Survey of off the shelf Connector Creepage Distances

Besides standards, an empirical survey of existing connectors to gain insight on the state of the
practice was made. The mated creepage distance of twenty-one connectors of various voltage,
current, power, environmental application, material, and IP ratings were measured either from
engineering drawings or measured on sample connectors. Upon review of the information three
trendlines were pulled from the data. The first was the mated creepage distance as a function of
operating voltage using a linear fit for all surveyed connectors. The data was then split between
“High Creepage” connectors and “Low Creepage” connectors based on if they fell above or below

the first linear all-data trendline. A linear trendline was then fit for each set of data (high and low).
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The results are displayed in Figure 5-5. Figure 5-6 shows the specific surveyed connectors with

their corresponding creepage distance, voltage rating, and application.
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Figure 5-5: Linear trendlines based on creepage distances on surveyed connectors
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Figure 5-6: Creepage distance of surveyed connectors

101



Table 5-3 displays the corresponding pollution degree for a given connector application.
In an effort to consolidate the number of applications the connectors were grouped into eight
categories. In a specific category, the pollution degree may vary between two categories due to
some connectors being built to a higher expectation of contamination in its application. It was clear
that applications with less severe environmental conditions had less creepage distance incorporated

into the connector design consistent with standards reviewed in 5.1.1.

One-thousand-volt connectors for instance had a variety of creepage distances. The Radlok
and PS3C generally were used as rack and panel connectors or for power distribution, which had
a closer pollution environment to that of PD 2; a factory or power distribution space never exposed
to the outside environment and always temperature controlled. Robifix was a more robust
connector designed to be on the factory floor providing power to welding machines, a micro-
climate of PD 3. At the same voltage, Powerlock and Powersafe were exposed to the outside
environment, PD 4, and roughneck was built to be routinely exposed the muddy environment near

oil drilling rigs. Creepage distance was increased on connectors operating in a higher PD.

The “High Creepage” connector designs were made to be exposed to environments in PD
3 or 4. Of the eleven connector that made up the “Low Creepage” connectors, four were built to

encounter pollution degree 3 and all others were made with the expectation of PD 1 or 2.

Table 5-3: Connector application and corresponding pollution degree

Application Pollution Degree for entire connector
Temporary industrial power 4

Severe industrial environments 4

Oil and gas drilling applications 4

Utility Transmission 4

Industrial Automation 20r3

Industrial Power Distribution 20r3

Rack and Panel 2

Board-to-board hybrid power and signal lor2

Two outlier connectors were identified, LSH and Loadbreak. These connectors stood out
as they did not conform to standards and had particularly small creepage distances for their
operating voltages. The reasoning behind the creepage distance was not explicitly known, but it
illustrates the possibility of precise engineering where the micro-environment and insulation
material was well understood. With proper testing of the design, it could have proved unnecessary
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to increase creepage distance for these connectors and their applications. The Loadbreak elbow for
example was a common utility connector and dimensionally regulated by the same societies that
put out creepage standards [78]. These two connectors were not used in the calculation of the

trendlines.

The total power of the connectors was plotted in Figure 5-7 to find trends between
application, power, and creepage distance. Although power was only taken into account in the
military standard, a clear correlation between the power the connector was designed to carry and
the creepage distance was demonstrated in Figure 5-7. The majority of the “High Creepage”
connectors were above 400 kW. The two outlier connectors moved closer to the center of a linear

regression for all connectors as seen in Figure 5-8.
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Figure 5-7: Creepage distance in relation to power of surveyed connectors
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Figure 5-8: Log-Log plot of creepage distance and max power of surveyed connectors with a linear fitted
trend line

The last part of the empirical connector survey involved the Ingress Protection rating, as
described in chapter 2.4, and the effect on creepage distance. The standard for connector safety,
IEC 61984, stated that insulating parts inside an enclosure with IP protection of IP54 or higher,
may be sized for a lower pollution degree. This might be a factor in how the Loadbreak was able
to decrease its creepage distance, the outer weather protection could have allowed for insulation
to be sized for a lower micro-environment. Figure 5-9 shows the connectors surveyed with known
IP protection ratings. It appeared that some products may have taken advantage of the IP rating to
lower creepage paths. Powerlock and Powersafe, which operated at a higher voltage but had a
higher protection rating, IP67, had a lower creepage distance than the Cam-lok which had a low
IP14 rating.

Through comparison of connectors at the same voltage, it was clear that creepage distance
grew with a higher IP rating. At 1500 V, the Han S had the shortest creepage distance and the
lowest IP rating while 16BL and 21BV had the highest IP rating but also the longest creepage path.
The higher IP rating was necessary due to the environment the connector was to work in, severe
industrial conditions versus rack and panel conditions. The increase in pollution degree due to the

environment also necessitated a longer creepage distance and a higher IP rating. The IP rating also
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influenced the mechanism to keep the connector water and dust protected. The more robust the

protection the larger the connector tended to be and an increase in the creepage path tended to

grow naturally as a result.
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Figure 5-9: IP rating and creepage distance of surveyed connectors

Another source of empirical data came from a paper from 1985 entitled “Survey of

Creepage Distances and Clearances in HVDC Converter Stations”. The paper presented the results

of a survey of creepage distance for indoor and outdoor insulators at 29 separate DC convertor

stations [79]. The results of the survey produced a common range of creepage distance per kilovolt,

for indoor applications 1.4-2.6 cm/kV and 2.4-5.1 cm/kV for outdoor applications. This

information was used to create six design lines, three for indoor and three for outdoor insulators.

The lines were made by taking the lower end of the range, the middle of the range, and the upper

end of the range of creepage distance per kilovolt. The results are in Figure 5-10.
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HVDC Converter Station Creepage Distance
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Figure 5-10: Creepage distance design lines based on a HVDC converter station survey by Ong
5.1.3 Comparison between standards and surveys

5.1.3.1 Less than or equal to 1000 V connectors

The military standard presented options for three power ranges. Only the military standard for
2000 W and up electrical equipment is presented in this section considering the high-power
shipboard connector was always to be designed for a higher power rating than 2 kW. All surveyed

connectors were rated for above 2 kW of power.

The surveyed connectors are plotted against the UL 840 and military standards in Figure
5-11. Seven of the nine “Low Creepage” connectors fell on or near UL 840 standards for the rated
voltage. Two connectors (Powermass, Robifix), landed very near the military standard for enclosed
equipment and one (DW1) met the open equipment standard. All of the “High Creepage”

connectors met or exceed the military standard for open equipment.
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UL 840 and Military Creepage Standards
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Figure 5-11: Surveyed connector creepage distances compared to standards

The resulting trendlines from the surveyed connectors in 5.2 are shown in Figure 5-12. The
Low Creepage line was similar to the UL 840 pollution degree 4 standard. The all-connector
average line did not always meet military standards. The high creepage average line always
exceeded the enclosed standard and presented a good trend for design of creepage distance outside
of 600-800 V.
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UL 840 and Military Creepage Standards
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Figure 5-12: Surveyed connector creepage distances compared to survey trendlines

5.1.3.2 Above 1000 V Insulation

A comparison between the HVDC survey and UL 840 standards revealed that the low indoor line
from the HVDC survey lined up with the UL 840 pollution 3 material group 11 standard and the
indoor average HVDC lined up with the UL 840 pollution 4, material group | standard, as seen in
Figure 5-13. The UL 840 pollution 4, material group Il standard straddled the outdoor low and
indoor high survey results. The outdoor average and high HVDC survey lines exceed any UL 840
standard. With these results in mind, they could be compared to the IEC standard and conducted

connector survey.
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Comparision of Creepage Standards
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Figure 5-13: Comparison between HVDC survey creepage design lines and UL 840 creepage distance
standard
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Comparision of Creepage Standards
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Figure 5-14: Comparison between surveyed connectors, HVDC survey creepage design lines, and
selected UL and IEC creepage distance standards

Figure 5-14 shows the surveyed connectors rated 1000-6000 V, the created trendlines up
to 2000 V (they weren’t extended beyond that since there was no connector data incorporated into
them above 1500 V), the lines created from the HVDC survey, and the UL and IEC standards
discussed in 5.1. The low creepage connectors fell just above the UL standard. The connector
survey trendlines ended up following very closely to the High Indoor insulator creepage distance
from the HVDC survey. The high creepage connectors were all above any standard or any HVDC
survey line and resulting trendline almost paralleled the High Outdoor insulator creepage distance
from the HVDC survey. The High Outdoor HVDC survey line appeared to be too conservative for
the shipboard environment for which IEC 60092 was written. The high creepage connectors were
also all made with high IP protection in anticipation of working in the severe environmental

conditions. With this in mind Figure 5-15 reflects a more pared down graph of useful design lines.
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IEC 60092 was the military standard and should be adhered to above 1000 V, but because
it was a step function, near the upper end of the voltage range of the step there was room to justify
designing in additional creepage distance. Considering the disparity between switchboard and non-
switchboard equipment creepage distance requirements, the additional standards and common
practice lines are useful to the designer. Designs should account for the wide range of creepage
distances and try to incorporate a flexible aspect into the design as testing and future work on the
Navy shipboard specific environment may reveal a more defined window for insulator creepage
distance design.

Comparision of Creepage Standards
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5.2 Shipboard Environmental Parameters and Protection

The shipboard environment required careful consideration when detailing the atmospheric
and micro-climate conditions an electronic piece of equipment would face. Different parts of a
ship had very different temperature and moisture exposure. Electronics in the pilot house may be
exposed to the elements at times when the doors are open and could experience the widest range
of temperature based solely on the outside temperature of the ship. Electrical equipment in
electronics specific space however, may always be under air-conditioned controlled temperature
air flow. Equipment must be designed appropriately to the area of the ship it will be placed in
service. DNV and the American Bureau of Shipping (ABS), the American classification shipping
society, published guidelines for design conditions for electrical equipment based on location,
Table 5-4.

Table 5-4: Ambient design conditions based on location of equipment on a ship per DNV [77] and ABS

[80]

Environmental Parameters Design Conditions
area
Entrance to the Air temperature -15Cto+35C
ship/ for design of | Max. Heat content of the air 100 kJ/kg
heating/ cooling Seawater temperature -2Cto+32C
systems
Inside the ship/ all Air temperature 0Cto45C
spaces Atmospheric pressure 1000 mbar
Max. relative humidity up to 100 % (+45 C)
Salt content 1 mg/m"3
Oil vapor withstand
Condensation to be considered
Inside the ship/ Air temperature 0Cto40C
air-conditioned Max. relative humidity 100 %
area Recommended ideal climate | air temperature +20 C
for manned computer spaces to +22 C at 60% rel.
humidity
Inside the ship/in Air temperature OCto+55C
electrical devices Max. relative humidity 100 %
with higher degree
of heat dissipation

The other aspect of electrical design that changed drastically in different parts of the ship

was ingress protection. Again, the international classification societies gave guidance based on the
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location of the electrical equipment and type of equipment. The full consolidated table is in

Appendix C. Table 5-5 shows the applicable protections for possible locations and classifications

for the high-power shipboard connector under 1000 V and Table 5-6 the protections for the high-

power shipboard connector greater than 1000 V.

Table 5-5: Applicable IP protections of electric equipment below 1000 V based on shipboard location

Condition in | Example of location | Switchboard, | Transformers | Socket | Accessories
location control gear, outlets | (e.g. switches,
motor connection
starters boxes)
Danger of | Dry accommodation IP 20 IP20 IP20 1P20
touching live | spaces, dry control
parts only rooms
Danger of Control rooms, P22 P22 P22 P22
dripping wheel-house, radio
liquid and/or room
moderate Engine and boiler P22 IP22 IP44 IP44
mechanical rooms above floor
damage

Table 5-6: Applicable IP protections of electric equipment above 1000 V based on shipboard location

Condition in Example of location Switchboards, | Transformers, Electrical
location Distribution Converters Machinery
Boards, Motor Terminal,
Control Junction,
Centers and Connection
Controller Boxes
Danger of Dry control rooms IP32 1P23 P44
touching live Authorized Personnel
parts only Only
Dry Control Rooms P42 IP44 IP44
Danger of Control rooms Authorized IP32 IP23 P44
dripping Personnel Only
liquid and/or Control Rooms IP42 IP44 IP44
moderate Above floor plates in IP32 P23 IP44
mechanical machinery spaces
damage Authorized Personnel
Only
Above floor plates in IP42 IP44 IP44
machinery spaces
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The exact location of the high-power electrical connector on future ships was unknown.
The tables summarized the likely places the connectors would be utilized corresponding to likely
systems. Connectors operating under 1000 V required a rating of 1P20, but there had to be absolute
certainty there was no dripping liquid including condensation in the space. Connectors rated above
1000 V required a solid object protection rating of 4 unless the connector could only be accessed
by authorized personnel. Water protection varied based on the definition of the connector’s

equipment system.

The definition of dry and wet spaces was important to understand Table 5-6 and Appendix
C. Dry operating spaces were spaces in which no moisture normally occurred (e.g. engine control
rooms, operation command centers) and there were measures against condensation under normal
operation [80]. An example of a “Dry control room,” was explained in the ABS standard as a space
where “the equipment [was] located as to preclude being exposed to steam, or dripping/spraying
liquids emanating from pipe flanges, valves, ventilation ducts and outlets, etc., installed in its
vicinity, and the equipment [was] placed to preclude the possibility of being exposed to sea or
rain” [80]. Wet operating spaces were spaces in which facilities may be exposed to moisture (e.g.

main engine rooms) [77].
5.3 Navy and shipboard specific insulation parameters

Outside of creepage distance, there were other insulation properties and requirements that had to
be met in order to make a safe shipboard electrical connector. Existing military electrical
connectors and plug-in sockets were listed in the military standard MIL-STD-1353 [81]. The
standard specifies further applicable detail specification documentation detailing the requirements
and testing associated with each connector. There were no connectors similar to the high-power
shipboard connector in terms of carrying high current, voltage, and power in a single pole compact
connector in the shipboard environment. Therefore, no one existing connector could be used as a
guide to detail the required insulation characteristics and tests. More general documents needed to

be found in order to guide parameter setting for the new connector.

The military standard MIL-DTL-917 was the most useful guide for setting insulation and
connector parameters. It covered the basic requirements applicable to the design, material, and
construction of naval shipboard electric power equipment. This standard gave insulation specific

requirements that the high-power electrical connector would have to meet, specified in Table 5-7
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[73]. The standard also detailed the flammability requirements of the insulation material, Table
5-8.

Table 5-7: Insulation design parameters defined by MIL-STD-917

Parameter Design Condition

Insulation Resistance > 10 megohms at 77°F

Dielectric Withstand Voltage Twice the rated voltage of the circuit plus 1000 V
Arc Resistance (<2000 V) 130 sec. minimum

Tracking resistance (<2000V) 70 minutes minimum

Arc Resistance (>2000 V) 150 sec. minimum

Tracking resistance (>2000V) 300 minutes minimum

Table 5-8: Flammability design parameters defined by MIL-STD-917

Flammability Limit

Ignition: 95 sec. minimum
Burning: 120 sec max.

Weight loss: 15% max. Ratio
Burning time: 10 sec. max.
Extent of burning: 25 mm max.

The dielectric withstand voltage was important when it came to selecting an insulation
material. The dielectric strength of a material was the minimum applied electric field that resulted
in the breakdown of the insulator at which point it became electrically conductive. Dielectric
strength was influenced by several factors including the temperature, mechanical loading, and
fabrication process of the insulator. Temperature had an inversely proportional effect; material
dielectric strength usually decreased with an increase in temperature. Mechanical stresses
introduced internal flaws leading to leaking paths through the material. Paths could also be a
product of the formation of the insulator. Dielectric strength was measured in voltage divided by
electrode separation distance, kV/mm. The resulting design had to have a high enough dielectric
strength to pass the dielectric withstand voltage. The path of concern was the shortest direct path
through the volume insulation from the electrode to ground or another metal at a different potential.
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5.4 Testing Requirements

The Electronic Components Industry Association (ECIA) standard for test procedures for electrical
connectors, EIA-364, replaced the military written standard MIL-STD-1344 [82]. All the
connector specific tests that needed to be carried out followed the EIA-364 standard [83]. MIL-
STD-1353 stipulated that any supplemental testing that may be deemed necessary should be done
according to the MILD-STD-202, “Test Method Standard Electronic and Electrical Component
Parts”.

Detail specifications list the testing requirements for each specific type of connector. Since
the high-power shipboard connector was the first of its kind, a brand-new set of detail
specifications was needed to be set and reviewed in the testing phase of the design process. A full
list of testing requirements and specifications would need to be compiled. Below is a starting list
of necessary tests for the connector based on the detail specification for the circular connector
quick disconnect 38999 series [84] .

EIA-364:

Contact Resistance Test
Withstanding Voltage Test
Insulation Resistance Test
Maintenance Aging Test
Mechanical Shock Test

Vibration Test

Contact Retention Test

Humidity Test

Thermal Shock Test

Impact Test

Magnetic Permeability Test

EMI Shielding Effectiveness Test
Shell-To-Shell and Shell-To-Bulkhead Resistance Test
Low Temperature Test

Durability Test

Current Overload Test

Dielectric Breakdown Voltage
Mating and Unmating Forces Test

IEC 60529:
Ingress Protection Rating

ASTM D2303:
Insulation Arc Resistance and tracking Test
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6 Defining Constraints for the High-Power Shipboard Electrical
Connector Concept Design

In pervious sections a review of applicable standards and practices relating to the general design
of electrical connectors were presented. This chapter is the application of commercial and Navy
standards and practices applied to the high-power electrical connector. First, an application of the
water and dust protection applied to the connector design and then specific constraints given the

selected electrical parameters of the concept design.
6.1 Water and Dust protection

There was a certain amount of uncertainty surrounding the location where the high-power
connector would be employed. Location affected environmental conditions which in turn affected
the required IP protection as discussed in 5.2. The concept design was focused on applications
greater than 1000 V. Therefore table Table 5-6 gave the pertinent IP design guidance. The
connector was designed with the iPEBB in mind, a converter as defined in that table, but was
designed for adaptability as it could easily be used in other power corridor applications. The
minimum IP protection of the connector therefore was the maximum protection from Table 5-6,

IP44, in order to ensure versatility of the connector.

Navy ship machinery spaces were generally more cramped than similar displacement
commercial vessels. Switchboards and electrical distribution equipment were often located in
machinery spaces classified as wet spaces. Figure 6-1 shows an example of a main switchboard on
a commercial vessel compared to the location of a switchboard on a USS vessel. It was highly
likely the connector would be applied in some fashion in a machinery space.

Naval vessels had AFFF fixed systems in their spaces and water mist protection for main
engineering spaces was increasingly common. DNV standards noted that “electronic equipment
enclosures located in reach of fixed water-based local application firefighting systems
(sprinklers/water mist) in the protected area and those within adjacent areas exposed to direct spray
shall have as a minimum the degree of protection 1P44” [77]. Equipment adjacent but not exposed
to direct spray may have a lower protection if design layout was taken into account. Therefore,
IP44 was the standard protection for the connector based on the connector’s location in a USS

machinery space.
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Figure 6-1:A switchboard in a commercial ship (left) [85] and switchboard on USS Jackson (right) [86]

The Navy had its own ingress protection standards regarding electrical equipment in
machinery spaces the connector needed to meet. Dust in the maritime definition involved
combustible dust, where solid combustible material particles presented a fire hazard when
suspended in air over a range of concentrations [87]. The military standard for electrical equipment
enclosures, MIL-DTL-2036, specified dust protection as a special circumstance not normally
found in the shipboard naval environment [88]. Therefore, dust protection was not a factor for the
Navy in determining the required IP rating. However, the MIL-DTL-2036 standard addressed
protection against access to hazardous parts, requiring protection of personnel against physical

contact with electrically energized parts, corresponding to IP3X.

The military standard identified the water protection required in a machinery space as
dripproof (45 degrees), meaning the connector could be tilted to a maximum of 45° from its normal
position without any harmful effect or water intrusion from sprayed water in accordance with MIL-
STD-108. In the IP code there was no 45° standard; IPX2 was for 15° and IPX3 was for 60°. The
military standard also identified water protection for equipment protected by sprinkler systems,
which could be the case in certain applications of the high-power connector. In those cases, the
military enclosure had to be splashproof. The equipment had to function while being sprayed by
coarse water from any direction. This corresponds fittingly with IPX4, protection against splashing

water.

Weighing the military standards, commercial practices, and incorporating versatility into

the connector, a conservative approach was taken. IP44 was selected as the minimum ingress
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protection rating of the connector, thus the design would have features that passed the similar
military and commercial splashproof tests. IP44 surpassed the minimum military standards for
electrical equipment in a machinery space and met the commercial standards for any type of
equipment over 1000 V in any kind of space. The higher protection was welcomed in this high
voltage, high power equipment, as it provided better shock prevention and water intrusion. The
versatility of IP44 also allowed the connector to be used in almost any compartment not impacted
by outside elements. It could be employed in a machinery space near a sprinkler system or in a

well air-conditioned dry electronic space.

6.2 Environmental Parameters

The general shipboard environmental conditions based on shipping classification societies
specifications were presented in 5.2. The Navy standard MIL-DTL-917, modified a few of those
parameters. The ambient conditions of the connector were based on a machinery pace
environment, the harshest condition the connector was anticipated to operate as laid out in 6.1. The
resulting design and testing ambient condition parameters were a combination of the MIL-DTL-
917 and the classification societies specifications. The final relevant ambient condition parameters

are presented in Table 6-1.

Table 6-1: High-power shipboard connector ambient design conditions

Parameters Design Conditions

Operating Air Temperature 0°C (32°F) to 55°C (131°F)
Non-operating Air Temperature -40°C (-40°F) to 75°C (167°F)
Atmospheric pressure 1000 mbar

Max. relative humidity 100 %

Salt content 1 mg/m"3

Oil vapor withstand

Condensation Occurs on equipment

6.3 Electrical Contact Requirements

In order to set additional insulation and connector requirements the contact’s electrical
requirements were first selected. As an illustration of how the contact selection process from
chapter 4 could be used to develop an initial concept design for a useful high-power connector the

starting requirement was to create a connector that would be rated for 400 kW using 400 A at 1000
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V. The connector was also required to have an allowable maximum power loss of 25 W at 400 A

or 0.00625% of full power at 400 A, based on the need to keep minimal heating.
6.4 Creepage Distance

Creepage standards and practices were presented in 5.1. In the particular case for the high-power
shipboard connector, the 1000 V potential was in an interesting juncture where the MIL-DTL-917
applied and the surveyed off the shelf connector data was valid. Figure 6-2 shows the various
creepage standards around 1000 V DC. The minimum creepage distance requirement was 50.8
mm based on the military standard. The MIL-DTL-917 open standard applied since the connector
was assumed to not be enclosed, meaning it was exposed to the free transmission of the
surrounding air. The military standard noted that more creepage distance may be necessary if
operating in conditions “more severe than normal” [73]. The connector on the iPEBB was to be
low maintenance and not be routinely connected or disconnected, therefore the connector was

designed with more creepage distance than the minimum requirement.

Three standards were considered and used to base a good creepage goal which would be
above the military standard: the “High Creepage” connector trend line, the upper outdoor HVDC
survey line, and the IEC 60092 switchboard standard. The “High Creepage” trend line as
established in 5.1 was made from the higher power connector serving in more intense application
conditions. This trend line intersected 1000 V at a creepage distance of 61.7 mm.

The military standard above 1000 V was IEC 60092, which stated the required creepage
distance for 300 V PTI material operating under 1100 V was 26 mm. It increases the distance to
63 mm between 1100 and 3300 V. The stepwise function did not offer clarity on the lower end of

the voltage step range.

Finally, the HVDC survey showed the high end of the creepage distance on outdoor
insulation for 1000 V as 51 mm. This equipment was exposed to the outdoor weather elements;

not the same conditions as the shipboard environment.

The creepage distance goal for the high-power connector was set to 60 mm after taking
into account all of the above into considerations. This goal satisfied the military standards just
above and below 1000 V. It was stricter than the standard accounting for the possibility of a more

severe environment using the “High Creepage” connector data as a guide.
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Comparision of Creepage Standards
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Figure 6-2: Applicable creepage distance standards and trendlines for 1000 V application

The goal creepage distance was compared to other commercial off the shelf connectors

directly in Figure 6-3 and Figure 6-4. The goal creepage distance was the more conservative than

all existing connectors at 1000 V except for roughneck which was designed for the very dirty work

on an oil platform. The goal creepage distance was larger than any connector under 795 kW.
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6.5 Size and mating force

The most important motivating factor for the design of a new a high-power connector was
a compact size. Contemporary military circular contacts came in standard insert arrangements.
MIL-STD-1651 presented the arrangements that allowed the most current for standard sized
military contacts [89]. These arraignments were used in different types of plug connectors which
were designed to meet specific conditions. For example, MIL-DTL-22992 connectors were
waterproof quick disconnect type plugs and receptacles but were limited to 200 A [90]. SAE
AS50151 which replaced the military specification, MIL-DTL-5015, were not inherently limited
in current capacity and therefore reaped all the benefits of the different contact arrangements in
MIL-STD-1651. According to the MIL-STD-1651, the smallest arrangement that could
theoretically support at least 400 A using standard military contacts was insert arrangement 32-63,
shell size 32. Therefore, the new high-power connector needed to be no larger than military shell
size 32 of a wall mounted receptacle. A drawback to the 32-63 insert arrangement was that it
consisted of five separate contacts each capable of carrying only 80 A. By using one single pole
contact the size of the connector could be decreased and the complexity of dividing and combining

currents, along with the possible added resistance it posed could be avoided.

The size of a wall mounting receptacle shell size 32 is depicted in Figure 6-5. The
maximum outer diameter of the high-power connector was to be less than 80.61 mm which
included the area necessary to attach to the iPEBB chassis. The outer diameter of the high-power
insulation mating interface was set to be less than the inner diameter of shell size 32, 44.96 mm.
The maximum outer diameter of a shell size 32 insulation mating interface, as depicted in Figure

6-6 was 60.1 mm.
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Figure 6-5: Shell size 32 wall mounted receptacle dimensions, all dimensions in mm

Figure 6-6: The outer diameter mating interface of an Amphenol reverse bayonet coupling
connector [91]

Another important parameter that needed to be selected based on standards was insertion
and mating forces. The largest standard single pole contact used in arrangements previously
specified was size 0, which used a 9.068 mm (0.357 in) solid diameter pin. The engagement force

for that contact was 88.96 N (20 Ibf) [92]. Therefore, the maximum insertion force for the single
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pole contact was set to 89 N (20 Ibf). The total mating force of the connector was based on
increasing the mating resistance by 25% of the contact maximum insertion force, 111 N (25 Ibf).
This was right around the recommended upper force limit of 24 Ibf for horizontal pushing as
prescribed by Canadian Centre for Occupational Health and Safety (CCOHS) for applications
where only the arms were involved in the process [93]. For application on the iPEBB, two single
pole DC connectors would be needed, totaling a maximum insertion force of 222 N (50 Ibf). The
average Sailor would be able to exert this force using their whole body [93] or helped in their effort
through a mechanical advantage mating mechanism. Table 6-2 presents a summary of size and

mating force parameters.

Table 6-2: Size and mating force parameters

Parameter Design Condition
Maximum outer diameter (including chassis mating interface) | 80.61 mm
Maximum outer diameter of the insulation mating interface 44.96 mm
Maximum contact mating force 89N

Maximum total mating force 111 N

6.6 Electric Insulation

Previously in section 5.3 specific insulation parameters were identified based on military standards
for a shipboard specific connector. The minimum requirements are reproduced in Table 6-3 and
Table 6-4.

Table 6-3: Insulation design parameters for the high-power shipboard connector

Parameter Design Condition

Insulation Resistance > 10 megohms at 77°F

Dielectric Withstand Voltage Twice the rated voltage of the circuit plus 1000 V
Arc Resistance (<2000 V) 130 sec. minimum

Tracking resistance (<2000V) 70 minutes minimum

Table 6-4: Flammability requirements for the high-power shipboard connector

Flammability Limit

Ignition: 95 sec. minimum
Burning: 120 sec max.

Weight loss: 15% max. Ratio
Burning time: 10 sec. max.
Extent of burning: 25 mm max.

125




7 Concept Design, 1 kV, 400 Amp

7.1 Design Priorities

Design priorities were selected before the design process began in earnest. The six priorities in
descending order of importance were: Compact Design, Minimal Power Loss, Water and Dust
Protection, Low Mating Force, Misalignment Tolerance, and Mating Confirmation/ Secure Closer.
Making a smaller more compact design was the top priority as it was one of the primary reasons
for investigation into the high-power shipboard connector. Minimalizing the power loss was
beneficial for efficiency of the connector in transmitting power, but it also kept resulting heat
radiation low as well. Minimizing the heat produced meant it contributed less to the cooling load
the cabinet or space had handle which was especially important when many iPEBBs and

connectors were densely concentrated.

Water and dust protection was vital in order to keep the connector free from moisture and
particles which could degrade the connection or cause it to catastrophically fail. The connector
was designed with minimal maintenance and cleaning in mind. Maintenance would only be
necessary when it was mated and unmated naturally over the lifetime of the iPEBB. The mating
force was selected to be low as to minimize the force contribution that would be necessary to mate
the iIPEBB. The mating of the electrical connector was not to be the greatest factor in terms of

force when a Sailor put an iPEBB in place.

The electrical connection process of inserting an iPEBB in place would be done through a
blind mate, meaning the contacts would not be visible to the Sailor connecting them. They would
be in the back of the IPEBB as it was slid into place. There needed to be room for some amount of
misalignment to help guide the connector and contact if the connector was approached from a
slight angle or offset. Finally, ensuring the contact was mated without viewing it would be
beneficial. Alignment and mating confirmation were lower priorities because other mechanisms
on the iPEBB, such as physical mating and locking mechanisms could supplement the electrical
connector design. Guide rails and the use of a locking mechanism in the cabinet for example could

ensure accurate mating of the electrical contact and could give audio and visual mating cues.
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7.2 Electrical Contact Selection

An off the shelf electrical contact was selected as the first step of the concept design. The process
and important criteria of an effective electrical contact from chapter 4 plus the constraints from
chapter 6 were factored into the selection. A full contact and a louver only contact were picked
initially. Three of the top performing Multilam louvers at 400 A were selected for comparison
along with the other louver contacts. FOM4 was plotted against contact diameter at 400 A, Figure
7-1, to get an idea of where the contacts fell in terms of an overall design. Then FOM1 and FOM2
were plotted against diameter, Figure 7-2 and Figure 7-3 , to specifically hone in on current density

and power loss respectively.

FOM [4] vs. Diameter (mm)

- - # Connector
. & Louver
0.20
& H
0.15 .
=
D .
' I:I‘Il:
IIIJ-F-J-_ _-\--\x\ *H
R -
0.05 —
.
[ )
[
0.00
10 15 20 25

Diarneter (rm)

Figure 7-1: FOM4 and diameters of 400 A contacts
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Figure 7-3: FOM2 and diameters of 400 A contacts
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Figure 7-4: FOM3 and diameters of 400 A contacts

Based on the FOM graphs, LAII/0.20 stood out as the best louver contact. It scored the
highest in each FOM category and was the smallest in terms of contact diameter. Out of the full
contacts that were compared, Lamtac was tied for the smallest in diameter and had the highest
FOM score in FOM1, FOM3, and FOMA4. It scored lower than HBB and LSH on FOM2, which
emphasized power loss. Since compact design was the number one priority LSH was ruled out in
favor of Lamtac due to its size. HBB was ruled out in favor of Lamtac because of its significantly
lower score in FOM4, a result of HBB’s high mating force. Table 7-1 in conjunction with Figure
7-5 show the precise measurements of the contacts at 400 A for verification that the chosen

contacts met the design constraints.
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Table 7-1: Contact properties at 400 A

Round Contact | Current Sliding Power
"Diameter" Capacity of Resistance of | force of dissipation
Contact (mm) contact (A) contact (uQ) | contact (N) | (W)
Springtac | 16.00 535.00 130.00 45.00 20.80
Lamtac 10.00 410.00 100.00 30.00 16.00
LSH 12.16 400.00 50.00 88.00 8.00
HBB 9.99 402.78 62.07 140.97 9.93
DW1 13.55 403.85 247.62 161.54 39.62
Powersafe | 14.90 413.79 604.17 53.79 96.67
Han S 23.66 400.00 150.00 30.00 24.00
EV1 27.08 406.15 147.73 15.56 23.64
Radlok 12.00 400.00 235.71 81.67 37.71
Radsok 10.30 405.00 30.00 70.00 4.80
LAII/0.20 | 8.60 414.00 19.44 100.80 3.11
LAIA/0.25 | 11.15 406.00 25.00 98.00 4.00
LAIA/0.30 | 15.13 665.00 15.79 216.13 2.53
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Figure 7-5: Graphical view of 400 A contacts. Red and green horizontal lines show the upper limits for
power dissipation and sliding force.
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The HBB, DW1, and LAIA/0.30 contacts exceeded the maximum mating force. Radlok
and Powersafe were eliminated based on maximum power loss criteria. Based on these
eliminations and the FOMs as a guide, Lamtac and LAI1/0.20 were selected as the best contacts at
400 A.

In order to proceed with the concept design, it was decided that using an existing contact
with a pin and socket already developed around the louvers would be best to illustrate
incorporating the other design principles and constraints into a concept design. The practicality of
knowing the dimensions of the pin and socket would increase the likelihood that the concept design
be adopted in future work of the high-power connector. The Lamtac contact was offered as a
simple pin and socket with no insulation. The concept design involved creating an insulation

housing that met design parameters.
7.3 Inspiration for the Design

The connector was designed around the existing Lamtac contact. The largest challenge was how
to extend the creepage distance in the mated condition. Existing designs employed a common
practice of surrounding the contact and pin in three concentric cylinders located on the male and
female side of the connector. The concept is displayed in Figure 7-6 and Figure 7-7, where the pin
was surrounded by one cylindrical barrier. The socket was surrounded by two, one right next to
the socket and the other was the outer case and encircled the connecting pin cylindrical ring. By
creating several concentric cylinders, the creeping distance was essentially doubled with the
addition of the first and extended further with each new ring added. This prevented the necessity
of having to develop a very long overlapping mating interface in order to achieve the required
creepage distance. It allowed creepage distance to be easily extended even with a very short pin
and shallow socket.
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Figure 7-6: Concentric cylinder concept on the RobiFix by Staubli [94]

Figure 7-7: Concentric cylinder concept on a GT series reverse bayonet coupling connector [91]

The second major challenge was how to make the connector water and dust protected. As
discussed in 2.4 four protection mechanisms were found through the connector survey. Each
mechanism could be employed with the above creepage extension mechanism of concentric
cylinders. Depending on the insulation materials selected the three fingered concentric circle could

form a water tight seal or a gasket could be placed inside to form a water and dust barrier.

The permanent connection mechanism between the iPEBB printed circuit board (PCB) and
the high-power electrical contact was not defined. As reviewed in 2.1, there were multiple ways
to connect the contact to the PCB including crimping (compression), soldering (fusion), and
bolting (mechanical). Upon reviewing existing connectors, it was decided two types of permanent
ending mechanisms would be included in the concept design. Examples of existing connectors

showing a threaded end and a lugged ending to the contact are in Figure 7-8.
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Note: Accessible Electrical Connection

Powerlock %

Camlok

Radlock

Figure 7-8: Existing connectors with threaded and lugged end points

The exact method of mounting the thread or lugged contact to the PCB was undecided,
therefore the multiple options give future designers the flexibility to choose the mounting
mechanism. An example of potential PCB mounting hardware was found that could handle 320 A
and could be the basis for a design for mounting the threaded contact, Figure 7-9. Based on the
state of the practice it was assumed that leaving 20 mm of thread would be enough for mating to
the PCB in the iPEBB.
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Figure 7-9: A high current PCB mount developed by International Hydraulics, Inc [95]

7.4 Pin Connector Concept Design

The off the shelf ODU Lamtac 10 mm pin dimensions as described in the ODU catalog are pictured
in Figure 7-10 [15]. They had to be modified in order to accommodate 20 mm of available thread
and maintain at least the minimum creepage distance of 60 mm. The resulting custom ODU pin is
shown in Figure 7-11. It had the same dimensions as the off the shelf pin except for an extended
unthreaded body between the collar and the start of the threads. The custom threaded socket,

lugged pin, and lugged socket configurations are presented in Appendix D.
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Figure 7-11: Customized 10 mm Pin, dimensions in mm

The concept design of the pin side insulator is presented in Figure 7-12, Figure 7-13, and Figure
7-14.
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Figure 7-12: 10 mm pin in concept design insulator
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Figure 7-13: Pin insulator, dimensions in mm
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Creepage distance: 65.2 mm

Figure 7-14: Creepage path on the pin insulator in mm

7.5 Socket Connector Concept Design

Like the pin, the off the shelf socket had to be customized for the connector. Figure 7-15, Figure
7-16, and Figure 7-17 show the socket side insulator concept design. The socket was designed to

be mounted in the insulator in a tight permanent-press fit.
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Figure 7-15: 10 mm socket in concept design insulator
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Figure 7-16: Socket insulator, dimensions in mm
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Creepage distance: 65.2 mm
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Figure 7-17: Creepage path on the pin insulator in mm
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Figure 7-18: Concept design creepage distance compared to standards and trendlines around 1000 V
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The creepage distance on the iPEBB interface side of the socket and pin insulator were
made using the same geometry resulting in a distance of 65.2 mm. This exceeded the military
standards at both 1000 V and 1100 V, and the goal set at 60 mm. Through the use of a cylindrical
fin on the connector’s interface side the creepage distance was extended by 23 mm. This fin created
flexibility in the design as it could be widened or heightened to increase creepage distance as
necessary. It could also be shrunk or removed to save space and material cost if during testing the
creepage distance proved excessive. The tapered collar from the main flange to the start of the
threads could also be modified in future iterations. If the pin or socket needed to be extended or
shrunk to accommodate the PCB interface, the tapered collar could accommodate the change. The
tapered collar and fin gave flexibility to the design for future modifications involving creepage

distance on the back side of the connector.
7.4.3 Connector Mating

The three insulation cylinders, one on the pin and two on the socket, mated tightly together to form
an elongated creepage path that satisfied the military requirements. No extra features to extend the
creepage path were needed. The creepage path is shown in the mated condition in Figure 7-19. An
isometric 3D view of just the mated connector is depicted in Figure 7-20.

The concentric cylindrical approach offered dust and water protection by virtue of the tight
fit and 70.5 mm distance that would have to be penetrated in order to reach the outside of the
electrical contact when connected. Additional water and dust protection could be incorporated by
adding a gasket at the point where the two shells had the most contact and formed a “ring” of
friction as they were mated, Figure 7-21. This point was the point of tightest fit in the connectors.

A gasket would be an inexpensive way to improve the IP protection of this concept design.

In order to ease the mating process, keep mating forces low, and allow for some
misalignment correction, the edges of each conical cylinder were tapered and filleted to correct the
sliding path of connector through the mating process. The friction between conical cylinders faces
was an issue identified in an initial design detailed in appendix E. In the prior design there were
three sliding surfaces with a very tight fit which resulted in friction forces easily tripled compared
to the final concept design. In this design, the socket was permanently press-fitted in the insulator,
thus there were only two friction faces, besides the electrical socket, that contributed to the mating

force.
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Figure 7-19: Mated concept design configuration

Figure 7-20: Isometric section view of the mated concept design
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Tight “permanent” fit “Ring” of friction

Figure 7-21: Socket was permanently mounted in insulator. Ring of friction created by tight fit between
the mating cylinders

The connector mated in stages visually demonstrated in Figure 7-22, meaning the very
outside cylinder of the socket connector first made contact and guided the pin cylinder, step 1.
This aligned the connector for the second step of the mating sequence when the center prong and

socket made contact and straightened it out for the pin and socket contact mating, step 3.

1 2 3 4
Figure 7-22: The concept connector design mating sequence

The resulting shortest distance through the insulation to a potential grounding point is
shown in blue in Figure 7-19. This distance determined the minimum dielectric strength that would
be necessary when selecting an insulating material. That minimum thickness and the test voltage
for dielectric strength of 3000 V, along with a factor of safety of 10 resulted in a minimum
dielectric strength of 3.3 kV/mm. This was a reasonable dielectric strength to expect from

insulating polymers [96].
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7.4.4 Connector in Chassis

The connector was designed to be mounted on the outside of the iPEBB chassis or other power
component. Figure 7-23 depicts an example of how the connector would be mounted to a red
chassis. Bolts would hold the connector in place by passing through the blue washer, gray
connector flange, and red chassis. The width of the blue washer was 9 mm which would press and
seal the connector flange to the chassis. The number of bolt holes and sizes could be modified as

necessary.

Figure 7-23: Concept Connector mounted on a red chassis with blue retaining washer

Figure 7-24: Side view of the connector mounted on a chassis
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Figure 7-25:1sometric section view of a mated concept connector mounted on chassis

Figure 7-26: Section view of the mated connector mounted on chassis
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7.5 Physical Modeling of the Concept Design

The concept design was 3D printed using polylactic acid (PLA) and a Dremel 3D45 printer. The
resulting structures provided lessons on how well the connector physically fit together. An off the
shelf 10 mm Lamtac pin and socket were used inside the printed connector. The manufactured

concept design is shown in Figure 7-27 and Figure 7-28.

Figure 7-27: 3D printed pin concept design

145



Figure 7-28: 3D printed socket concept design

An area of concern was how difficult it would be to mate the connector. The mating force
for the ODU pin and socket was 30 N. The fabricated connector added a negligible amount of extra
force to mate. Therefore, additions such as selecting an insulating material which could increase
the mating force, decreasing tapering and tolerances between the cylindrical rings to make a more
ingress proof mate, or adding an O-ring for ingress protection were viable. The changes could
increase connector mating force by 81 N (18.2 Ibf) while still being under the required mating
force of 111 N specified in section 6.5. A summary of the concept design parameters compared to

the requirements are in Table 7-2.

Table 7-2: Design parameters compared to applicable concept design results

Maximum outer diameter (including | 80.61 mm 80 mm
chassis mating interface)

Maximum outer diameter of the 44.96 mm 34 mm
insulation mating interface

Maximum contact mating force 89 N 30N
Maximum total mating force 111 N 31N
Creepage distance (mated condition) | 60 mm 70.5 mm
Creepage distance (chassis side) 60 mm 65.2 mm
IP protection 44 N/A
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8 Conclusions

This thesis identified the constraints on both electrical contacts and insulation requirements
necessary to consider in the development of a high-power plug-in connector for the Navy
application. An off the shelf electrical contact survey was conducted to identify the state-of-the-
art methods and capabilities of high-power electrical contacts. A method to compare dissimilar
sized and rated contacts was presented using design graphs and the adoption of four Figure of
Merits. Three of the Figure of Merits were chosen to emphasize the specific characteristic
according to the physical desired outcome. FOM1 emphasized the contact’s current capacity,
FOM2 accentuated minimizing resistance, and FOM3 was weighted toward reducing sliding force.
FOM4 used the pervious FOMs to create an overall evaluation of the contacts. The Figure of Merits
taken with anticipated size at a particular current rating presented a tool by which top preforming
contacts and connectors could be differentiated from poor preforming types. The method of using
FOMs and design graphs can be used in future selection and design of the shipboard high-power

connector.

The insulation requirements were investigated in general and specifically for the naval
shipboard environment. Particular attention was paid to US Navy standards and commercial
practices in order to define constraints for the connector and insulation. Ambient conditions,
ingress protection and creepage distance requirements were identified for the future high-power

connector given a range of possible voltage ratings.

A 400-kW (1 kV, 400 A) plug-in connector concept design was developed using a selected
contact using the developed FOM process. A compact structure was developed with flexible
characteristics so it could be adapted as a starting point for future use. Specific attention was made
to the 1 kV value as the associated creepage distance was developed according to that voltage
parameter. The connector was designed with an IP 44 rating based on shock and water protection

guidelines from the Navy and commercial classification societies.

The developed design was fabricated using a 3D printing process to produce a mock-up
used to show the constraints including forces could be achieved in a reasonable sized connector.
The design shows it is feasible to make a high-powered plug-in connector suitable for Navy

application.

147



There is still work to be done in order to select, test, and implement a new high-power
shipboard electrical connector. The Navy’s creepage distance standards need to be updated in order
to ensure consistency from lower voltage systems to higher voltage systems, specifically between
1000 V and 1100 V. The Navy’s creepage distance guidance does not lend itself to precise design
near the ends of the step wise functions laid out in the standards. The FOM processes can be
improved by comparing like characteristic adjusted to predicted ambient conditions. The more
contacts identified and evaluated will improve the usefulness of FOM4. The processes and
constraints identified in this study can inform future work surrounding the connector and power

corridor concept.
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Appendix A

List of commercial off the shelf products and information sources.

Amphenol Radlok 6/14/2021 |https://www.amphenol-industrial.com/radlok
Amphenol Radsok 6/14/2021 |https://www.amphenol-sine.com/radsok
AZZ HM Contact System (HM-38) 6/30/2021 |https://www.azz.com/hm-contact-systems/
AZZ HM Contact System (HM-95) 6/30/2021 |https://www.azz.com/hm-contact-systems/

Deutsch DTHD 6/21/2021 |https://www.deutschconnectors.com.au/deutsch-dthd-connector-kit-100a-1-pole.html

Eaton Roughneck 6/22/2021 hvttps://www.leaton.com/us/en-us/catalog/wiring-devices-and-connectivity-crouse-hinds/roughneck-
single-pole-high-amperage-plugs-and-connectors.html|

Eaton Rough-lok 6/22/2021 h.ttps://www..eaton.com/us/en»us/catalog/wiring-devices-and-connectivity»crouse»hinds/rough-lok»
single-pole-high-amperage-plugs-and-connectors.html

Eaton Cam-lok 6/22/2021 hlttps://www.eatun.com/us/en-us/catalog/wiring-devices-and-connectivity-crouse-hinds/cam-lok-j-series
single-pole-plugs-and-receptacles.html|
https://www.harting.com/US/en/connector-battery-

Harting Hans 6/14/2021 storage?matchtypeze&sncid=13§<utm_source:google&utm_medium=cpc&utm_campaign:industrial_cunn
ectors_sn&adgroup=hans_s&gclid=CjoKCQjw_dWGBhDAARIsAMcYulw6CtbalXvKDFtpT9e-
7En18oVAfIIF8n_toglbVi7etDDPjpU98ccaAp8LEALW_wcB

Harwin Kona 6/14/2021 |https://www.harwin.com/kona-connectors/

Hirose PS3C Series 6/28/2021 |https://www.hirose.com/en/product/series/PS3C

Hirose EM30MSD Series 6/28/2021 |https://www.hirose.com/en/product/series/EM30MSD

Hirose EV1 6/28/2021 |https://www.hirose.com/en/product/series/EV1

Hubbell Load Break 777201 https://www.hubbelI.com/hubbeIIpuwersystems/en/ProducTs/Power—UtiIities/Underground-SeparabIe-
Connectors/Loadbreak-Elbows/15-kV-Load-Break-Elbow-w-Bimetal-Contact/p/1526575
https://www.hubbell.com/hubbell/en/Products/Electrical-Electronic/Electrical-Connectors/Hazardous-

Hubbell PowerEX 7/14/2021 Location/PowerEx/p/2147034

ITT Cannon Powerlock 6/15/2021 |https://www.ittcannon.com/products/powerlock/
ITT Cannon Snaplock 6/15/2021 |https://www.ittcannon.com/products/snaplock/
ITT Veam VSC 6/15/2021 |https://www.ittcannon.com/products/vsc/
JAE DW Series 6/30/2021 |https://www.jae.com/en/connectors/series/detail /id=64181&type_code=T1120
. https://www.jae.com/en/connectors/series/detail /id=64262&application_code=A1060&application_detail
JAE JKO6 Series 6/30/2021 | code=A1060-A5010
JAE KWO04 Series 6/30/2021 |https://www.jae.com/en/connectors/series/detail /id=91783&type_code=T1130

Molex Brad Quick-Change Connectors 6/21/2021 |https://www.molex.com/molex/products/part-detail/receptacles/1300030048

Molex EXTreme PowerMass High-Current Connectors 6/21/2021 |https://www.molex.com/molex/products/part-detail/pcb_headers/0755565101

Molex EXTreme Guardian System 6/21/2021 |https://www.molex.com/molex/products/part-detail/pcb_headers/2141130011

0oDU Springtac 6/30/2021 |https://odu-usa.com/products/electrical-contacts/odu-lamtac/
obuU Lamtac 6/30/2021 |https://odu-usa.com/products/electrical-contacts/odu-springtac/
0oDU Turntac 6/30/2021 |https://odu-usa.com/products/electrical-contacts/odu-turntac/
Phase 3 Powersafe 6/21/2021 |https://usa.p3connectors.com/single-pole-connector/
Phase 3 Showsafe 6/21/2021 |https://usa.p3connectors.com/showsafe-connectors/
Smiths Interconnect HBB Series 6/28/2021 |https://www.smithsinterconnect.com/products/connectors/high-power/hbb-series/
Smiths Interconnect Transformer Series 7/7/2021  |https://www.smithsinterconnect.com/products/connectors/high-power/transformer-series/
Smiths Interconnect LSH Series 6/28/2021 |https://www.smithsinterconnect.com/products/connectors/high-power/Ish-series/
Smiths Interconnect Hyperboloid Technology 7/7/2021  |https://www.smithsinterconnect.com/library/technical-library/technology/hyperboloid-technology/
Smiths Interconnect Tortac Technology 7/7/2021  |https://www.smithsinterconnect.com/products/connectors/contact-technologies/tortac%C2%AE-contact/

Staubli Single-pole round connector 16BL 6/23/2021 |https://www.staubli.com/en/electrical-connectors/single-pole/round-insulated-connectors-10-21-mm/

Staubli Single-pole round connector 21BV 6/23/2021 https://www.staubli.com/en/electrical-connectors/single-pole/round-insulated-connectors-10-21-mm/

Staubli Robifix 6/15/2021 |https://www.staubli.com/en-us/electrical-connectors/spot-welding-connectors/primary-circuit-flat/

Staubli Multilam Plugs 6/15/2021 |https://www.staubli.com/en-us/electrical-connectors/single-pole/multilam-plug-connectors/

Staubli Performore 6/15/2021 https.://www.staubIi.com/en-us/electrical-connectors/muIti»pole»connectors/e-mobiIity»connection»
solutions/performore/

Staubli Multilam Flexo 7/23/2021 |https://www.staubli.com/en-us/electrical-connectors/multilam-technology/multilam-flexo/

Staubli Multilam Technology 7/14/2021 https://www.stafjbli.com/.us/en/eIectrical-connectors/products/muItilam-products-and-
technology/multilam-torsio.html

7ZDQ Ceeform 6/15/2021 |https://www.ceesockets.com/knowledge/what-is-ceeform-cee-form-fully-explained/
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Appendix B

Multilam Design Summary Examples

Current Resistance Sliding Power
# of Round Contact: | Capacity of of contact force of dissipation
Type louvers diameter (mm) | contact (A) (nQ) contact (N) | (W)
400 A
F: LAII/0.20 18 8.60 414 19.44 100.8 3.11
C: LAIA/0.25 14 11.15 406 25.00 98 4.00
G: LA-CU/0.15-0.5 11 12.26 440 27.27 26.95 4.36
800 A
A: LA0/0.30 19 30.25 817 15.26 113.05 9.77
C+: LAIA/0.30 23 18.31 805 13.04 261.625 8.35
F: LAII/0.20 35 16.72 805 10.00 196 6.40
G: LA-CU/0.15-0.5 20 22.29 800 15.00 49 9.60
1000 A
A: LA0/0.30 24 38.22 1032 12.08 142.8 12.08
C+: LAIA/0.40 27 21.50 1026 10.37 642.6 10.37
E+: LAIB/0.25 35 27.87 1015 10.00 245 10.00
G: LA-CU/0.15-0.5 25 27.87 1000 12.00 61.25 12.00
1200 A
A: LA0/0.30 28 44.59 1204 10.36 166.6 14.91
B: LA0O-G/0.25 32 25.48 1216 9.38 100.8 13.50
C+: LAIA/0.40 32 25.48 1216 8.75 761.6 12.60
C+: LAIA/0.50 28 22.29 1204 8.93 1029 12.86
E: LAIB/0.30 35 27.87 1225 8.57 398.125 12.34
E+: LAIB/0.25 42 33.44 1218 8.33 294 12.00
E+: LAIB/0.20 43 34.24 1204 9.30 225.75 13.40
G: LA-CU/0.15-0.5 30 33.44 1200 10.00 73.5 102.40
1600 A
A: LA0/0.30 38 60.51 1634 7.63 226.1 19.54
B: LA0O-G/0.25 43 34.24 1634 6.98 135.45 17.86
C+: LAIA/0.40 43 34.24 1634 6.51 1023.4 16.67
C+: LAIA/0.50 38 30.25 1634 6.58 1396.5 16.84
E: LAIB/0.30 46 36.62 1610 6.52 523.25 16.70
E+: LAIB/0.25 56 44.59 1624 6.25 392 16.00
G: LA-CU/0.15-
0.5 40 44.59 1600 7.50 98 19.20
H: LA-CUT/0.25 40 50.96 1600 10.00 140 25.60
I: LA-CUD/0.15 32 25.48 1600 10.31 89.6 26.40
3200 A
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C+: LAIA/0.40 67.68 3230 2023 33.73

G: LA-CU/0.15-
0.5 89.17 3200 3.75 196 38.40
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Appendix C

Consolidated DNV and ABS ingress protection tables

Equipment up to 1000 V

massive quantities

Switchboard,
Condition in location Example of location control gear, Generators | Motors | Transformers L!ghtlng
motor Fixtures
starters
Danger of touching live Dry accommodation spaces, dry control P 20 X P20 P20 P20
parts only rooms
Control rooms, wheel-house, radio room P22 X 1P22 1P22 1P22
Engine and boiler rooms above floor P22 1P22 P22 1P22 1P22
Steering gear rooms P22 1P22 P22 1P22 1P22
Danger of dripping liquid Emergency machinery rooms IP22 P22 IP22 P22 P22
and/or moderate
mechanical damage General storerooms P22 X P22 1P22 1P22
Pantries P22 X P22 1P22 1P22
Provision rooms P22 X 1P22 1P22 1P22
Ventilation ducts X X 1P22 X X
Bathrooms and/or showers X X X X P34
Increased danger of liquid Engine and boiler rooms below floor X X P44 X P34
and/or mechanical
damage Closed fuel oil separator rooms P44 X IP44 P44 P34
Closed lubricating oil separator rooms IP44 X P44 P44 P34
Ballast pump rooms P44 X P44 P44 P34
Increased danger of liquid Refrigerated rooms X X P44 X P34
and mechanical damage
Galleys and laundries P44 X P44 1P44 P34
Shaft or pipe tunnels in double bottom IP55 X IP55 IP55 IP55
Danger of liquid spraying, Holds for general cargo X X IP55 X IP55
presence of cargo dust,
serious mechanical
damage, aggressive
gf &8 Ventilation trunks X X IP55 X X
umes
Danger of liquid in Open decks IP56 X IP56 X P55
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Equipment up to 1000 V continued

Accessories

. . (e.g.
Condition in location Example of location He?tlng Co9k|ng Socket switches,
appliances appliances | outlets .
connection
boxes)
Danger of touching live Dry accommodation spaces, dry control P20 P20 P20 P20
parts only rooms
Control rooms, wheel-house, radio room P22 1P22 1P22 1P22
Engine and boiler rooms above floor P22 1P22 P44 P44
Steering gear rooms 1P22 X P44 P44
Danger of dripping liquid Emergency machinery rooms P22 X IP44 P44
and/or moderate
mechanical damage General storerooms P22 X P22 P44
Pantries P22 1P22 P44 P44
Provision rooms P22 X P44 P44
Ventilation ducts X X X X
Bathrooms and/or showers P44 X IP55 IP55
Increased danger of liquid Engine and boiler rooms below floor P44 X X IP55
and/or mechanical
damage Closed fuel oil separator rooms P44 X X IP55
Closed lubricating oil separator rooms P44 X X IP55
Ballast pump rooms P44 X IP55 IP55
Increased danger of liquid Refrigerated rooms P44 X P55 P55
and mechanical damage
Galleys and laundries P44 P44 P44 P44
Danger of liquid spraying, Shaft or pipe tunnels in double bottom IP55 X IP56 IP56
f
prese.nce ° cargohdust, Holds for general cargo IP55 X IP56 IP56
serious mechanical
damage, aggressive fumes Ventilation trunks X X X X
Danger of liquid in Open decks IP56 X IP56 IP56

massive quantities
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Equipment above 1000 V

Switchboards,
Distribution Boards, Transformers Electrical Machinery
Condition in location Example of location Motor Control Generators | Motors " | Terminal, Junction,
Converters .
Centers and Connection Boxes
Controller
Dry control rooms Authorized Personnel
Danger of touching Only 1P32 X X 1P23 P44
live parts only
Dry Control Rooms 1P42 X X P44 IP44
Control rooms Authorized Personnel P32 X X P23 \Paa
Only
Control Rooms P42 1P23 X P44 P44
Danger of dripping Above floor plates in machinery spaces
liquid and/or Authorized Personnel Only P32 P23 P23 P23 P44
moderate - -
mechanical damage Above floor plates in machinery spaces 1P42 1P23 1P43 P44 P44
Emergency machinery rooms Authorized P32 P23 P23 P23 \Paa
Personnel Only
Emergency machinery rooms P42 1P23 1P43 P44 P44
Increased danger of Below floor plates in machinery spaces X X X X \Paa
liquid and/or Authorized Personnel Only
mechanical damage Below floor plates in machinery spaces X X X X P44
Ballast pump roomsAuthorized
Increased danger of Personnel Only P44 X P44 P44 P44
liquid and
mechanical damage Ballast pump rooms IP44 X IP44 IP44 IP44
Danger of liquid
spray presence of
cargo d,USt' serious Holds for general cargo X X X X IP55
mechanical damage,
and/or aggressive
fumes
Not exposed to seas Open decks X IP56 IP56 IP56 IP56
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Appendix D

Threaded and Lugged configurations

Threaded socket

Lugged pin

—= 2500 M 3000 —= m3.00
- 21.00

f
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Lugged socket

r—30.00 —=
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Appendix E

Initially, the concept design was fabricated with zero tolerance between creepage cylinders. Only
the first 6 mm of the cylinders were tapered to allow for some misalignment. Additionally, the pin
was surrounded by two creepage cylinders and the socket was surrounded by one three millimeters

away. The below figures show this configuration.

This configuration resulted in three friction surfaces: outside of the metal socket against
the inner cylinder, inner cylinder against the middle cylinder, and the outer cylinder against the
middle cylinder. As a result of the three friction surfaces, tight tolerances, and short taper a marked
increase in the full connector mating force compared to the mating force of the pin and socket
alone. The tight tolerances created a tight seal which created a problem when un-mating. When
the connector was mated, all the air in the cylinders was forced out. As a result, a vacuum formed
and would not allow the connectors to be disconnected without first breaking the vacuum. It
required the connectors to be twisted in opposite directions as they were pulled apart. The mating
force was 124 N (28 Ibf).

To decrease the mating force and resolve the vacuum problem greater taper was given to
the creepage cylinders. The taper was increased to run the full length of each cylinder. The sliding
surfaces were reduced from three to two by switching the socket and pin relative to the insulator
design. In the redesign the socket was on the side with two creepage cylinders. It was permanently
press fitted into the insulator thereby eliminating one friction surface. The amount of taper in
relation to acceptable force and ingress protection benefits were not investigated in this thesis and

are left for future work.
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