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ABSTRACT

ALLOCATION AND COMPILATION METHODOLOGY FOR MODULAR POWER
ELECTRONIC EQUIPMENT METAMODELS

by

Will Koebel

The University of Wisconsin-Milwaukee, 2023
Under the Supervision of Professor Robert Cuzner

With the ongoing electrification of Navy vessels motivated by increased power de-

mands, evolving operating environments, and more stringent pollution policies, modular

distribution networks have been proposed to introduce survivability, affordability, and

resiliency into future ship designs. A virtual prototyping process (VPP) has been intro-

duced to produce scalable metamodels for the Leading Edge Architecture for Prototyping

Systems (LEAPS) database that enables development of modular distribution networks

on the U.S. Navy’s Smart Ship System Design (S3D) design platform. This work pro-

poses an allocation and compilation methodology for use in the VPP that modularizes

enabling technologies for integration into a modular distribution network through the

use of spatial insulation, thermal, conductor, accessibility, and frame allocations. A use

case, as distribution bus voltage varies from 5kV to 30kV, is performed on a DC no-load

disconnect switch to demonstrate the methodology’s applicability. Performance metrics,

termed MOP’s, are output from the proposed allocation and compilation methodology

and provide transparency into performance metric trade-offs introduced once technology

is modularized. Calculated MOPS, power density and specific power, suggest diminish-

ing returns on performance gains once a distribution bus voltage of 16kV is reached as

insulation coordination requirements begin to dominate space claim.
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CHAPTER 1

THE PROBLEM

New technologies, evolving operating environments, and more stringent pollution poli-

cies are motivating the U.S. Navy’s development of a fully electric ship [1, 2]. New

technologies such as future payloads, sensors, and weapon systems, introduce increased

power demands that cannot be met by installed generation capacity [3, 4]. A recon-

figurable distribution network is required to enable redirection of the limited installed

generation capacity as operating environments and requirements evolve. Addressing

this need, several modular distribution architectures have been proposed and are un-

der development. The Integrated Power System (IPS) was the first modular proposal

that assembled a distribution network centered around conventionally procured modu-

lar electrical distribution equipment and touted gains in survivability, affordability, and

resiliency [5]. As research matured an alternative approach to realizing the IPS emerged

that was no longer centered around conventionally procured electrical equipment but

instead, distribution corridors running longitudinally from aft to port housing modular

distribution equipment. This modular approach was termed the Navy Integrated Power

and Energy Corridor (NiPEC), and is under development by the Power Electronics Power

Distribution System Program (PEPEDS) [6]. A NiPEC provides cost, survivability, and

arrangement advantages over the IPES as the concept’s increased modularity realizes

supply chain economies of scale, redundancy through system reconfiguration, and re-

duction in electrical-thermal-structural overhead [7]. To ensure that potential technology

innovations are incorporated into the NiPEC, early concept design exploration has been

prioritized and pursued by the Navy.

The importance of early concept exploration is best captured by a quote by Chalfant

in her 2015 conference paper, “One of the truisms of ship design is that the decisions of
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greatest impact are made in the early stages of design when the least information and the

greatest uncertainty are present”[8]. Because the technology enabling propulsion, mission

controls, weapons systems, and support systems may improve during the lengthy design

process, often 10 years, design choices, namely technology choices, made early in the

design process can leave designers with outdated, sub-optimal technology. To avoid this

pitfall ship designers are attempting to gather more information earlier in the process,

pushing design decisions until design trade-offs are better understood. This work is being

realized through the development of ship design software.

One such tool is the Smart Ship System Design (S3D). S3D is a suite of tools developed

by the Electric Ship Research and Development Consortium (ESRDC) to enable concur-

rent collaboration between engineering disciplines such as electrical, mechanical, ther-

mal, and HVAC [9, 10]. S3D creates, visualizes, and analyzes two-dimensional electrical,

mechanical, thermal, and HVAC one-line representations of power systems throughout

the ship. The tool produces drawings that can be represented in three-dimensional space

to visualize the placement and interaction between equipment and structures.

To enable S3D, the environment draws upon a database of ship design data called the

Leading Edge Architecture for Prototyping Systems (LEAPS) [8]. As a catalog of scal-

able equipment and component object models, equipment’s attributes and interfaces are

captured to ensure compatibility when used to model modular distribution networks.

Attributes include spacial dimensions, weight, and performance metrics. Interfaces in-

clude electrical, mechanical, and thermal connections. Cataloged models scale the equip-

ment’s size, weight, losses, cost, and reliability as a function of design space variables

corresponding to design decisions. In order to accurately scale power generation and

distribution equipment, scaling laws must be employed.

Scaling laws and metamodels have been successfully developed for electric machines

[11], electromagnetic components [12, 13], and thermal management systems [14] but a

robust methodology able to optimize and produce scalable metamodels for the LEAPS
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database was not introduced until [15]. The methodology incorporates optimizing objec-

tives, constraints & requirements, exploration variables, technology insertion, and inter-

nal infrastructure required to modularize equipment as meta-heuristic scalable models

are produced. The metamodels become modular building blocks for use in the NiPEC or

IPES modular distribution systems as developed in S3D. Chapter 2 will describe the VPP

methodology in detail.

To enable comparison, and ultimately inform design decisions, a means for evaluat-

ing equipment performance must be incorporated into the VPP’s produced metamodels.

Performance metrics are classically organized as Measures of Effectiveness (MOEs), Mea-

sures of Performance (MOPs), Technical Performance Metrics (TPMs), and Key Perfor-

mance Parameters (KPPs) which are a subset of key MOPs and TPMs [16]. These form

the basis of performance requirements and the measures by which systems are validated.

Due to the complexity and reconfigurability of the modular IPS and NiPEC distribution

systems, top-level TPMs most concerning to ship designers, like physical space claim and

hull displacement, are difficult to access at the system level. MOPs however, outputs of

the metamodels produced by the VPP, do provide this meaningful insight as performance

trade-offs such as power density (p), specific power (y), specific cost (a), and efficiency (e)

are evaluated and accessed. By evaluating MOPs for each design optimized by the VPP,

meaningful design decisions can be made that allow stakeholder needs to be selected for.

This work calculates MOPs, power density and specific power specifically, for a point

design already assumed optimized by the VPP. By assuming optimization this work is

able to build upon the allocation process first proposed by Cuzner [17] and proposes an

updated allocation and compilation methodology that allows existing power electronic

technology, or potentially innovative concept designs, to be modularized by adding spa-

tial connection, serviceability, structural support, thermal, and insulation allocations re-

quired for integration into the proposed modular distribution networks. MOPs will be

calculated for the point design assessed in the use case and provide insight into perfor-
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mance trade-offs associated with design decisions, namely DC distribution bus voltage.

The following chapters will provide a background to the VPP and the scaling allocations

that inform it, introduce the proposed allocation and compilation methodology, apply the

methodology to an equipment use-case utilized in the IPS or NiPEC distribution architec-

ture, and ultimately produce a scalable meta-model for use in S3D’s LEAPS database. The

metamodel will provide designers with system-level MOPs for the modularized assem-

bly.
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CHAPTER 2

BACKGROUND

This chapter is dedicated to providing an overview of the VPP, its ontology, and the stan-

dards, physics, and engineering experience that inform the VPP’s spatial allocations.

2.1 Virtual Prototyping Process

The VPP is a methodology proposed by Cuzner et al. in [17, 18, 19], that accounts for op-

timizing objects, constraints & requirements, exploration variables, technology insertion,

and internal infrastructure required to modularize hardware as it produces meta-heuristic

scalable models for use in the Navy’s LEAPS database.

The VPP methodology, as presented in fig. 2.1, begins by bringing in present state-

of-the-art hardware, or potential innovative designs, system exploration variables (xv),

requirements and constraints (rv), and optimizing objectives (ov) into the evolutionary

design environment to build active component models for state-of-the-art hardware, or

electro-thermal-physical models (ETPMs) for potential innovations. Spatial allocations

that scale with system exploration variables (xv) are brought into the evolutionary design

environment and added to active component or ETPM models to account for additional

internal infrastructure required when modularizing equipment. Scalable solid spatial al-

locations account for cooling solutions (at), bus & interconnections (ac), and structural

frames (af ). Supplementary spatial allocations account for dielectric scaling laws (ad), ac-

cessibility (aa), and thermal management (at). As the active component, or ETPM, models

are modularized into LRUs, drawers, compartments, and bays spatial scaling allocations

are added at each modular level. Once modularized to a bay, design solutions along the

Pareto front are output from the evolutionary design environment in the form of opti-

mizing objectives (Ov1,Ov2,Ov3). These optimizing objectives allow designers the ability
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to compare and select viable designs from the Pareto fronts that ultimately inform an op-

timal single-point design. Optimizing objectives are often identical to the Measures of

Performance (MOPs) that the Navy uses to evaluate design performance. With MOPs

output, trade-offs between performance metrics can be selected for as informed by stake-

holder needs.

Figure 2.1: Virtual Prototyping Process

Fig. 2.2 shows the virtual prototyping process as adapted to this work. Here, a present

state-of-the-art design, a no-load DC disconnect switch [20], is brought into the scaling

of point design environment along with rated voltage and rated current as system ex-

ploration variables (xv), and requirements and constraints (rv), to produce a scalable ac-

tive component model. Solid and supplementary spatial allocations are brought into the

scaling of point design environment to add modularity to the active component model.

As the technology is modularized into LRUs, drawers, compartments, and bays scal-

able metamodels are compiled that evaluate optimizing objective metrics (Ov1,Ov2,Ov3),

or MOPs, for the point design. This output is representative of the VPP’s MOP Pareto
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front outputs. By comparing MOP outputs designers are able to select optimal designs

depending on stakeholder’s needs, namely the trade-off between MOPs.

Figure 2.2: Virtual Prototyping Process as Applied to Use-Case

2.2 Shipboard Ontology

The all-electric power train, as pursued by the Navy, has undergone multiple iterations

as the trade-offs between cost, survivability, and arrangement have manifested them-

selves into two prominent power train proposals, the IPS/IPES and NiPEC [6, 1]. The

IPS has a long history dating back to 1979 and is the architectural predecessor to the

NiPEC. In the IPS/IPES architecture, power flows from generation sources and energy

storage devices through distinct, self-contained, power electronic-based modules to ves-

sel loads as shown in fig. 2.3. Each power electronic-based module is defined accord-

ing to its function within the distribution network with the Power Generation Module

(PGM) converting chemical energy to Medium Voltage Direct Current (MVDC) electrical

energy, the Power Conversion Module (PCM) converting MVDC energy to Low Volt-
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age Direct Current (LVDC) energy, the Power Distribution Module (PDM) distributing

MVDC power inter-zonally, a Propulsion Motor Module (PMM) converting MVDC into

mechanical propulsion, and the Pulsed Power Module (PMM) converting MVDC energy

into directed energy for energy-based weaponry such as the proposed rail gun installation

[21, 22].

Figure 2.3: IPS Based Architecture

The NiPEC is an iteration of the IPS that does not define the modular distribution

equipment by functional modules but instead as a series of modular compartments that

run parallel to the ship’s center line and are longitudinally connected to one another. In

recent years the NiPEC has become the prioritized architecture, but with priorities ever-

changing, a robust VPP methodology will allow either IPS or NiPEC, or future power

train architectures, to be modeled. The allocation-based methodology proposed in this

work provides this robustness by leveraging the foundational modular ontology both ar-

chitectures share. The ontology underpinning both the IPS and NiPEC is shown in fig.

2.4. The major ontological difference between proposed architectures is that the IPS on-

tology extends from the LRU to bay while the NiPEC extends from the LRU to Drawers

which are then housed in compartments adjacently located along the center line of the
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ship to enable a power electronic corridor. The use case used to demonstrate the pro-

posed allocation and compilation methodology is a functional PDM utilized in the IPS

architecture but future work will extend this methodology to the NiPEC.

Figure 2.4: IPS/NiPEC Modular Ontology

2.3 VPP Spatial Allocations

The spatial allocations built upon in this work were first introduced by Cuzner et al. [17]

as an approach to metamodel development that provided space and mass allocations for

cabinet-based modular equipment. Spatial allocations captured the additional internal

infrastructure required to modularize technology and included allocations for dielectric

stand-offs, thermal management, accessibility, and frame supports. Originally, conserva-

tive factors akin to safety factors in mechanical design informed these spatial and mass

allocations but as development of the methodology continued physics, standards, and

experience-based scaling laws were incorporated. Ideally, all allocations will be informed

by physics-based scaling laws as they best capture scaling relationships. The methodol-
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ogy utilized in the VPP provides a compromise between the traditional and ideal while

experimental research is being pursued to one-day capture the physics-based scaling of

spatial allocations and active components. The compromise, as utilized in this work, is

an amalgamation of physics, standards, and experience-based scaling relations.

Scaling laws inform the VPP’s six generic allocations that when combined are able to

model the modularization of any power electronic based technology. The six generic allo-

cations are defined as active components, thermal management, conductors, insulation,

accessibility, and structural, as shown in fig. 2.5. Active components are typically pro-

cured equipment such as switching modules or in this use-case a DC no-load disconnect

switch, but can also include smaller components such as controls and monitoring sensors.

Thermal allocations capture any part of the ship’s thermal management system which

typically includes cold plates, fans, and room for airflow. Thermal management specific

to shipboard applications will be discussed in-depth in this chapter. Allocations captur-

ing the conductors that enables electrical distribution throughout the ship are captured

by the conductor allocation. Conductor allocations typically represent distribution bus

bar and cabling. Insulation allocations represent the physical, or air-gap stand-off, insula-

tion that protects energized equipment from failure modes such as arcing and insulation

failure caused by partial discharge. Accessibility allocations account for the space needed

to manufacture and service equipment, and is typically highly dependent on the manu-

facturer and application environment. Structural allocations capture the physical support

frames and enclosure paneling needed to house power electronic equipment. Structural

allocations can include weight-bearing support structures, sheet metal that encloses the

equipment, and other internal support structures.

The following subsections will summarize the physics, standards, and experience-

based scaling laws that inform each allocation type as found in the literature and state-of-

the-art research.
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Figure 2.5: Allocation Types

2.3.1 Insulation

Insulation allocations were originally introduced as dielectric standoff allocations in [17].

To present a more inclusive allocation that accounts for both dielectric air-gap standoffs

and physical insulation the term insulation allocations is adopted. Guidance on how in-

sulation allocations scale with respect to system, or component voltage is not provided

in [17]. Allocations were determined based on engineering experience and found to be

appropriate when the cabinet fill-factor percentage was less than 40%. An explicit scaling

of insulation allocations was subsequently introduced in [23]. This work explored appli-

cable industry standards to ultimately derive, scalable with voltage, creepage and clear-

ance dielectric air-gap standoff distances from the industry standard IEC 61800-5 [24].

Creepage and clearance air-gap stand-off distances were extrapolated from the indus-

try standard using assumed shipboard environment considerations such as overvolatge

category, insulation material, and fault conditions. The prescribed testing voltages and

stand-off distances are presented in figs. figs. 2.6 and 2.7.

Prescribed creepage and clearance distances assumed an overvoltage category of three

and a material CTI rating of IIIa. This work will inform the scaling of insulation alloca-

tions for this work’s use-cases.

The approach assumes that shipboard electrical systems are designed to survive a sin-

gle line to ground fault as is standard in shipboard design [17, 18, 23]. Clearance require-

ments are determined by taking the maximum standoff distance prescribed by impulse,

temporary over-voltage, and working test voltages. Each captures a different over, or
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Figure 2.6: Creepage and Clearance Distance for PEBB 1000 SM Drawer

Figure 2.7: Creepage and Clearance Distance for PEBB 6000 SM Drawer

under-voltage, scenario that equipment is expect to be subjected to during operating con-

ditions. Creepage requirements rely only upon working voltage to prescribe creepage

distances.

While the IEC-61800 standard-based scaling of insulation allocations provide a rea-

sonable estimate for insulation scaling, ideal scaling laws will capture the physics-based

phenomenon that lead to insulation failure, such as partial discharge and treeing. Promis-

ing work from [25, 26, 27, 28, 29] is attempting to capture these physics-based relation-

ships but scaling laws have not yet been formalized. As research progresses, physics-

based scaling laws can be easily incorporated into the proposed allocation and compila-

tion methodology, and ultimately the VPP.
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2.3.2 Thermal Management

As stated in [30] thermal allocations can be spatial allocations representing room for air-

flow and fans, considered indirect cooling, or water connections and manifolds, consid-

ered direct liquid cooling. The trade-off between choosing indirect or direct liquid cool-

ing comes from the requirement to completely isolate direct liquid cooling manifolds and

connections from ground. In order to isolate manifolds and connections from ground

additional bracing components are required that when added, often negate power den-

sity improvements gained by eliminating the air-flow ”dead space” required for indirect

cooling. To capture and analyze this trade-off both indirect and direct liquid cooling must

be accounted for by thermal allocations. This approach introduces two distinct thermal

allocations, one for physical thermal management components like cold plates that can

not serve as insulation or accessibility allocations, and the other, an allocation for air-flow

that can occupy the same space as insulation and accessibility allocations. The distinc-

tion is presented in fig. 2.5 with the dark blue allocation representing physical thermal

management components and the light blue, air-flow allocations.

In [17], Cuzner introduces a further challenge when implementing a thermal man-

agement system in a shipboard environment. He states that in shipboard environments

electrical equipment shall not produce heat, thus forcing the designer to implement a

thermal management system that withdraws heat through a liquid-cooled cold plate or

an air-to-water heat exchanger that provides forced-air convection.

An applicable guiding standard, MIL-E-917E, states that cooling of electrical equip-

ment shall be equipment specific but can be accomplished in one of the following man-

ners, in order of preference: Natural convection, conductor, and radiation, forced air (self-

contained), forced air (not self-contained), fresh water air cooler, salt water air cooler, and

other methods such as cooling oil or water in indirect contact with active electrical equip-

ment [31]. The standard provides guidance that heat exchangers should be located so that

water from leaks and condensation does not fall on electrical circuitry and that heat ex-
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changers be easily removable without removal of, or damage to, adjacent parts. Guidance

for direct liquid cooling states that electronic cooling water (ECW) systems are preferred

in surface ships but that deionization systems, which are self-contained with purification

equipment, purity sensors, and alarm systems, are also acceptable.

While not used this work’s use case, physics-based scaling laws have been incorpo-

rated into the VPP by creating equivalent thermal circuits for active components and solid

allocations that prescribe air-flow distances for natural, or forced-air convection by calcu-

lating pressure drop between components [32].

2.3.3 Accessibility

Accessibility allocations as introduced in [17] and elaborated on in [33, 34] are difficult

to model as they are highly subjective to the manufacturer and application environment.

Accessibility allocations are primarily used to account for the physical space required

to manufacture, perform maintenance, and functionally operate the equipment. Cuzner

provides no guidance on accessibility allocation selection in his initial methodology [17].

In this study, accessibility allocations range from .0127 (.5”) to .0413 meters (1.62”) de-

pending on the application and modularization level.

The only standard-based accessibility guidance is around conductors, naming cabling

and bus-bar. MIL-DTL-32483 Switchgear, Power, Hard-Mounted, Medium Voltage, Naval

Shipboard states that a minimum clearance of 1/4 inch is required between cabling and

bus bar to prevent abrasion under conditions of vibration [35]. MIL-E-917E prescribes not

less than a 3/4 inch distance between exposed, nonarcing, current-carrying parts, specifi-

cally bus-bar and the enclosure [31]. Both accessibility prescriptions are incorporated into

this work’s metamodels.
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2.3.4 Structural

As introduced in [17] frame supports, defined as structural allocations in this work, must

meet shock and vibration requirements for the shipboard environment. Cuzner writes,

”As a rule of thumb, for shock-hardened systems, the total frame support weight should

be less than 25% of the sum of the individual component weights it supports”. This 25%

rule of thumb informed frame allocations in the initial VPP methodology, and will be

employed in the work’s use-cases. Ideally, structural supports will scale according to

column and beam buckling analysis, physics-based scaling laws, but this has yet to be

incorporated and is left to future investigations.

Military standard, MIL-E-917 Electric Power Equipment Basic Requirements is the guid-

ing standard for shipboard power electronics and refers to military standards MIL-S-901-

D, Shock Test. H.I. (High-Impact) Shipboard Machinery, Equipment, and Systems and MIL-

STD-167-1, Mechanical Vibrations of Shipboard Equipment for shock and vibration require-

ments [31, 36, 37]. Shock considerations depend upon a number of factors which in-

clude applicable shock grade, equipment class, shock test type, and mounting considera-

tions. Aboard naval vessels, a shock grade of A can be assumed for electrical distribution

equipment as it is ”essential to the safety and continued combat capability of the ship”.

Equipment class III can be assumed as resident mountings may or may not be used to

pass shock testing requirements, and a test type A is assumed at the bay level as the bay

module is a medium-weight shock test or heavyweight shock test is used to qualify the

specified requirements. A medium-weight shock test prescribes dropping a weighted

hammer 6 times at varying heights as informed by the equipment’s weight. The equip-

ment passes when no damage is evident. Heavyweight testing prescribes detonating 4

explosive charges below surface level at varying distances from the hull. Because this

guidance provides no scaling for shock-hardened frame structures, physical testing of as-

sembled equipment is the only approach to verify frame allocations’ suitability for the

shipboard environment.
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Vibration requirements guided by MIL-STD-167-1 are intended to locate equipment

resonances [36]. To meet vibration requirements equipment must pass a two-hour en-

durance test at the most damaging amplitude and frequency expected in the shipboard

environment. Amplitude is defined as the maximum displacement of simple harmonic

motion, oscillation defined as displacement from the equipment’s point of rest, and both

must be within the bounds specified by the standard for each testing frequency selected

by the testing engineer. Testing frequencies range from 4hz to 50hz and must be tested

for five minutes, for a total of 2-hours of testing, at each selected test frequency. With only

pass/fail testing guidance provided by military standards for vibration-hardened equip-

ment, no frame scaling laws can be derived from applicable standards. The 25% of mass

engineering-based scaling remains the most applicable scaling law for support structures.

2.3.5 Conductors

Guidance for conductor sizing as current scales in shipboard environments is limited

to bus-bar prescriptions from MIL-DTL-32483 Switchgear, Power, Hard-Mounted, Medium

Voltage, Naval Shipboard. The standard is found to be the most applicable military stan-

dard for MV electrical distribution equipment as modular power electronic equipment is

the replacement technology for traditional switchgear distribution equipment. The siz-

ing prescribed by [35] is used to scale bus-bar allocations, conductor allocations, as system

current scales in this work’s use-cases.

Cable sizing, the other option for distribution conductors, is provided no guidance

by applicable military standards. Here, engineering experience is used to size cabling

connections in this work’s use-cases

2.3.6 Active Component Models

Active component allocations, a new allocation type proposed by this methodology, al-

lows the previously introduced allocation types to be applied at every level of the VPP
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ontology. Previous work [17, 30, 18] implies its use but this work makes it an explicit

allocation type. At each level of the ontology, the previous level is considered an active

component. This concept is leveraged in chapter 4 as no-load switch drawers, comprised

of two modularized no-load switches, are considered active components of the compart-

ment. The modularized no-load switches of chapter 3 were modularized from the no-load

switch’s pressurized contactor cylinder, actuator cylinder, and power electronic controller

active components. Active components will make up every level of the VPP ontology.

No-load switches are active components of the drawers, drawers the active components

of the compartment, and compartments the active components of the bay.
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CHAPTER 3

NO-LOAD SWITCH USE CASE

This chapter introduces the allocation and compilation methodology proposed in this

work. Through the use of generic allocations the methodology modularizes power elec-

tronic technologies as it produces scalable meta-huertistic models that reflect design de-

cisions. A use case, that will become the building block of the functional PDM modeled

in chapter 4, is employed to demonstrate the multi-step process. Fig. 3.1 represents the

allocation and compilation process as a series of steps resulting in the calculation of vol-

ume and weight as a function of design exploration variables. sections 3.1 to 3.5 outline

the process in detail.

The no-load switch, as represented in fig. 3.2, is chosen as a use case for two rea-

sons. The first is that all six generic allocations are present in the allocation of the chosen

no-load switch which lends itself to a comprehensive demonstration of the generic allo-

cation and compilation process. The second is that the no-load switch becomes the mod-

ular building block of the modularized functional PDM module in chapter 4. This allows

demonstration of the generic allocation and compilation methodology at every level of

a modularized distribution network. The no-load switch is a current limiting disconnect

switch designed to replace traditional circuit breakers when incorporated into a power

electronic distribution network. The no-load switch provides galvanic isolation as cop-

per contactors open once current has been driven to zero by power electronic converters

adjacent in the distribution network. This work’s representation of the switch is modeled

after a no-load switch rated to 6kV for DC connections as introduced in [20]. This, in re-

lation to the VPP, is considered state-of-the-art technology which can be brought into the

evolutionary design environment along with system exploration variables (xv), require-

ments and constraints (rv), and optimizing objectives (ov) to produce active component
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Figure 3.1: Allocation and Compilation Process

models that can be modularized.

3.1 Place Active Components

The allocation process begins by placing active components representing all enabling

technologies. The key enabling technologies of the no-load switch are a pressurized con-

tact cylinder that provides galvanic isolation once opened and an actuator cylinder that

will force the contactor’s opening and closing. These are represented by grey allocations

and placed as active components in fig. 3.3.

The reader will notice two things in figs. 3.2 and 3.3. The first, as seen in fig. 3.2, is that

the actuator cylinder is comprised of multiple sub-components, yellow cylinders, and a

grey end cap with protruding features. Because the final compilation model is only con-
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Figure 3.2: 3-D Rendering of Use-Case No-Load Switch

Figure 3.3: Active Component Allocations of No-Load Switch

cerned with overall equipment volume, the sub-components that make up the actuator

cylinder are not represented as sub-components but instead as one active component al-

location. As long as the total width, height, and length of the assembled sub-components

are accounted for in the aggregate active component model precise differences between

sub-components can be ignored. The second, is that an additional power controller rep-

resented by a grey active component allocation is placed to the left of the no-load switch.

The allocation is added because in practical application the no-load switch will require

a power controller to functionally operate the actuator cylinder. This addition of active

components to a state-of-the-art technology highlights the inherent benefits of modeling

equipment with allocations. Any amount of auxiliary technology can be added to the

active component models as applications demand it. Chapter 4 will expand on this bene-

fit and demonstrate that any number of design parameters can be captured, making this
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method flexible to any technology.

3.2 Determine and Place Solid Allocations

To begin modularizing the technology, solid allocations, as presented in fig. 3.4, are added

to the placed active components. As seen in fig. 3.2 outgoing conductors, cooling fins,

and bushings surround the pressurized contact cylinder and actuator cylinder. As phys-

ical structures, they are represented by solid allocations. The incoming and outgoing

conductor connections are represented by conductor allocations, the cooling fins used to

minimize contact losses are represented by thermal management allocations, and the in-

sulation bushings are represented by insulation allocations. The three solid allocations, in

addition to allocations for frame supports, are added to the active component allocations

are presented in fig.??

Figure 3.4: Solid Allocations

Fig. ?? captures the end of the determine and place solid allocations step of the com-

pilation and allocation process with all solid allocations having been added to the ac-

tive component allocations. Notice that solid frame and enclosure allocations have been

added around the placed active components and solid allocations.

3.3 Determine and Place Supplementary Allocations

With active components and solid allocations determined and placed, the process moves

to the third step shown in Fig. 3.1, determining and placing supplementary allocations.

This step allocates space for thermal management, insulation, and room for manufac-
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Figure 3.5: No-Load Switch Solid Allocation Placement

turability that is required when individual components are modularized into a modular

assembly. Insulation and thermal management supplementary allocations are dictated

by system exploration variables (xv), design choices, such as typology, thermal manage-

ment system, and grounding scheme with variable selection bounded only by applicable

design choices. Once dictated by design decisions, insulation and thermal management

supplementary allocations are added to each active component and solid allocation. Sup-

plementary accessibility allocations are not dictated by design decisions but instead are

uniformly added to every active component and solid allocation. This ensures space is

available to physically place the physical components at the LRU level and ensure ser-

viceability once modularized into drawers, compartments, and bays.

Fig. 3.6 represents determining each active component’s and solid allocation’s supple-

mentary allocations as a formalized flowchart where each decision node is a system explo-

ration variable (xv), or design decision. When made, design decisions result in insulation,

thermal management, and accessibility allocations being added to each active component

and solid allocation. Examples of design decisions impacting insulation coordination are
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Figure 3.6: Generic Supplementary Allocation Determination

distribution level voltage, as creepage and clearance requirements are a function of en-

ergized voltage, and grounding scheme, as components are either hull-grounded or left

ungrounded at system potential, termed floating in shipboard applications. Examples

that impact thermal management allocations include determination of a thermal man-

agement solution, which as prioritized by the Navy can be selected as natural convection,

forced-air convection, and liquid cooling through the use of cold plates.

Fig. 3.7 demonstrates a more complicated supplementary allocation determination

where three system-level design choices, (xv), are considered. Here, three thermal man-

agement solutions are considered with each dictating its own dependent supplementary

allocations. The adaptability of the proposed allocation and compilation methodology is

demonstrated here in fig. 3.7 as any number of design solutions can be considered, with

each prescribing its own supplementary allocation determination.

To determine the dependent supplementary allocations required for each active com-

ponent and solid allocation in the modeled no-load switch, a supplemental allocation

flowchart is developed. For the no-load switch, the system exploration variables (xv) con-

sidered are floating or hull-grounding active components, and cooling the pressurized
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Figure 3.7: Supplementary Allocation Determination for Three Thermal Solutions

contactor cylinder by natural convection or liquid cooling. In the modeled application,

and practically, internal components are not hull-grounded but left floating. As noted,

floating denotes that the hardware is not directly grounded to the hull of the ship, there-

fore leaving a voltage potential between the charged equipment and hull that must be

accounted for by insulation coordination. The choice to provide thermal management

through natural convection or liquid cooling has already been made for the designer

as the modeled no-load switch is designed to cool the pressurized contactor cylinder

through an angular finned heat-sink. Conductor and active component allocations will

not receive supplementary air-flow thermal allocations because the thermal management

allocations representing the angular finned heat-sink is assumed to provide a thermal

management solution for the assembled no-load switch with no additional space required

for air-flow.

Fig. fig. 3.8 presents the supplementary allocation determination flowchart for the

no-load switch’s active components, conductor allocations, and thermal management al-

locations. From fig. 3.8 active components and solid allocations are prescribed insulation

and accessibility allocations.

With supplementary insulation and accessibility allocations placed around active com-

ponents, conductor allocations, and thermal allocations, a full compilation is the output

of step three in the allocation and compilation process. The fully allocated no-load switch

is shown in fig. 3.9.
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Figure 3.8: Supplementary Allocation Determination Flowchart for Active Components
& Conductor Allocations

Figure 3.9: Fully Allocated No-Load Switch

3.4 Dimensioning Process

To begin building up the component’s width, height, and length, dimensioning of the

active components, solid allocations, and supplementary allocations must be addressed.

Before proposing a dimensioning method it is important to reiterate the purpose of this

process; namely, to account for physical space requirements between adjacent parts that

will scale with system exploration variable (xv). With this in mind, multiple dimensioning
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and build-up approaches producing identical and equally informative build-ups can be

imagined. This methodology proposes the following for the dimensioning and build-up

process as a baseline methodology to ensure that appropriate insulation, thermal, and

accessibility considerations are included in the final build-up. As designers become well-

versed in the purpose and process of dimensioning, it is expected that the initial first-pass

dimensioning process can be simplified and eventually subsumed into the simplifying

dimensions process. Nevertheless, the method proposed should be used when initially

implementing the process.

3.4.1 Nomenclature

To begin, a nomenclature regarding how each dimension is denoted must be established.

Figure 3.10 introduces the 5-6 alpha-numeric nomenclature proposed to denote each di-

mension. The first identifier signifies which allocation type is being captured. Fig. 3.11

shows the one-letter identifiers associated with each allocation type.

Figure 3.10: Dimension Nomenclature

Figure 3.11: Allocation Type Nomenclature Convention

26



The second identifier is the equipment identifier signaling which piece of equipment

is being represented. For the no-load switch test case, the equipment identifier SW is cho-

sen which indicates that all dimensions with the equipment identifier SW belong to the

no-load switch allocation and compilation process. Any 2 letter identifier can be chosen,

but it is best practice to chose intuitive identifiers. For example, when in chapter 4 two

no-load switches are modularized into a modular drawer assembly, the two-letter equip-

ment identifier DS, drawer switch, is chosen. When the modularized drawers are later

modularized into a bay assembly, BS, for bay switch, is chosen.

The third identifier captures the plane the dimension is being made in. The three

choices are naturally x, y, and z as this process is done in the cartesian coordinate system.

Further research, especially when the equipment is largely cylindrical such as in motors

and pumps, may find it beneficial to perform dimensioning in the cylindrical coordinate

frame.

The fourth and final identifier is a numeric identifier that allows each dimension of

like allocation to be uniquely identified. If this identifier was not added all accessibility

dimensions in the x direction would be denoted as aSWx without the ability to reference a

single dimension.

3.4.2 First-Pass Dimensioning

The first-pass dimensioning process begins in the top left-hand corner of every allocated

2-D drawing and moves subsequently along a selected coordinate plane. The dimensions

follow the nomenclature identified in fig. 3.10 and correspond to the allocation types

previously introduced. Dimensions are indexed in ascending order, initialized at one,

and indexed by one as allocations are given dimensions. Fig. 3.12 demonstrates this

with accessibility and dielectric allocations initialized as aSWx1 and dSWx1 to the left of the

internal power controller, and iSWx1. aSWx2 and dSWx2 to the right of the power controller.

Accessibility and dielectric allocations dimensioned from the left and right of the actuator
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Figure 3.12: First-Pass x Dimensions

cylinder are placed and indexed to aSWx3 and dSWx3, and aSWx4 and dSWx6 respectively.

Insulation allocations dSWx4 and dSWx5 are indexed in fig. 3.15, a section view of fig. 3.12,

to provide more dimensioning detail. Indexing continues until all dimensions on a given

side of a coordinate plane have been dimensioned.

When first-pass dimensioning is completed along one side of the selected coordinate

plane, the process is repeated along the opposite side. Dimensions aSWx5, dSWx7, aSWx6,

and dSWx10 are initialized around cSWx2, one of three outgoing conductors. Dielectric

allocations dSWx8 and dSWx9 are dimensioned in fig. 3.16 around cSWx2, the outgoing

conductor allocation. This repeats with dSWx12 and dSWx13 added around cSWx3. Frame

allocations fSWx1,fSWx2,fSWx3, and fSWx4 are dimensioned along the lower x-coordinate

plane but could be dimensioned along the upper plane to the same effect. As components
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Figure 3.13: First-Pass z Dimensions

Figure 3.14: First-Pass y Dimensions
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Figure 3.15: First-Pass Section View 1

Figure 3.16: First-Pass Section View 2
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increase in complexity the dimensioning process can become congested and multiple-

dimensioned figures may be required to denote allocations.

An identical process is repeated in the y and z coordinate planes of figs. 3.13 and 3.14.

Conductor, dielectric, and accessibility allocations are initialed as cSWxz1, cSWxy1, dSWz1,

dSWy1, and aSWxz1, aSWxy1 and indexed by one as subsequent allocations are dimensioned.

First-pass dimensioning in the y and z coordinate plane completes the first-pass dimen-

sioning process and the process of second-pass dimensioning can be initiated.

3.4.3 Second-Pass Dimensioning

In this section, a reductive second-pass dimensioning process is performed to combine

repetitively dimensioned allocations. Fig. 3.17, presents a completed second-pass dimen-

sioning of the x-direction. Along the rear of the no-load switch, dSWx2 and dSWx3 have

been combined into a single reinforced insulation allocation denoted as dSWx2 which rep-

resents the reinforced insulation required between the controller and the contactor hous-

ing. Reinforced insulation is required as the controller is energized by a low voltage

power supply with a supply voltage assumed to be between 5VDC – 120VAC, giving it a

decisive voltage class (DVC) of A. A DVC of D is prescribed by IEC 61800-5, for the con-

tactor cylinder as it will be energized to the distribution bus voltage which ranges from

5kV to 30kV in this use-case. When energized components of different DVCs are adjacent

to one another reinforced insulation is required as prescribed by IEC 61800-5 [24, 23].

In fig. 3.15 the dimensions dSWx4 and dSWx5 from fig. 3.20, are simplified to dSWx3.

Note that because dSWx2 and dSWx3 have been simplified to dSWx2 the next insulation

allocation becomes indexed to dSWx3. This re-indexing is done throughout the second-

pass dimensioning process and is demonstrated by dSWx4 in fig. 3.16 being re-indexed

to dSWx6 in fig. 3.20. In the x direction, dSWx10 and dSWx11 are simplified to dSWx7 as

the two insulation allocations become redundant. Each insulation allocation physically

represents the space allocated for the required clearance distance between components
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Figure 3.17: Simplified x Dimensions
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Figure 3.18: Simplified z Dimensions

Figure 3.19: Simplified y Dimensions
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Figure 3.20: Simplified Section View 1

Figure 3.21: Simplified Section View 2
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of similar DVC. Both components are of DVC D as the conductor, cSW2, and fins, are

assumed energized to the same system voltage. If both insulation allocations were kept,

air-gap standoffs would be double counted, ultimately allocating twice the space required

for insulation coordination and increasing the no-load switch’s width unnecessarily.

In the y-coordinate plane, no simplifications are made. Note though, that dSWy2 and

dSWy3 can, and will, be set equal to each other in the subsequent compilation process of

section 3.5. Required insulation air-gap standoffs are symmetrical above and below the

conductor, cSWy1, as the insulation requirement is radial from the conductor. The same is

true of dSWx5 and dSWx6. These are not simplified to the same dimension in 3.19 because

this work seeks to capture the generic situation that may include different insulation

coordination solutions above and below the conductor. The second-pass dimensioning

process is repeated in the z-coordinate plane with no simplifications to produce a final

dimensioned compilation.

3.5 Compilation Process

With the second-pass dimensioning complete and a fully dimensioned compilation as its

output, the compilation build-up process is undertaken to produce a fully constrained

Matlab simulation. The goal of this step is to capture, in each dimension, every combi-

nation of adjacent dimensions that will drive the overall width, height, and length of the

modeled equipment. Each combination of adjacent dimensions is referred to as a buildup.

In the x-direction, two possible buildups exist and are captured by eqs. (3.1) to (3.3).

wNLSw1 = fSWx1 + fSWx2 +max(dSWx1, aSWx1) + iSWx1 +max(dSWx2, aSWx2, aSWx3)

+ iSWx1 +max(dSWx4, aSWx4) + fSWx3 + fSWx4

(3.1)
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wNLSw2 = fSWx1 + fSWx2 +max(dSWx5, aSWx5) + cSWx2 +max(dSWx7, aSWx6, aSWx7)

+ iSWx3 +max(dSWx9, aSWx8) + fSWx3 + fSWx4

(3.2)

wNLSw = max(wNLSw1, wNLSw2) (3.3)

Equation 3.1 captures the adjacent dimensions in the rear of the no-load switch while

Eq. 3.2 captures the adjacent dimensions in the front of the switch. Notice that around

iSWx1, the power controller, insulation and accessibility allocations are taken as a max-

imum. Because air-gap standoffs required for clearance between energized parts and

space for manufacturability can occupy the same physical space without interfering with

each other, the maximum between the two is taken. A maximum is taken where ever

insulation, specifically air-gap standoffs, and accessibility allocations overlap. If physical

insulation is used instead of air-gap creepage and clearance standoffs then the maximum

between the two allocations is not appropriate. Instead, a simple addition of the alloca-

tions is required.

In the y-coordinate plane, four buildups are accounted for. Equations (3.4) to (3.7)

capture the driving dimensions of the controller, insulation, and accessibility around the

PC, iSWy1, outgoing conductor, cSWy1, contactor, iSWy2, and cylinder, iSWy3. Again, the

maximum of the four build-ups is taken to drive the no-load switch’s height as captured

by eq. 3.8.

hNLSw1 = fSWy1 + fSWy2 + aSWy1 + iSWy1 +max(dSWy1, aSWy2) + fSWy2 + fSWy1 (3.4)
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hNLSw2 = fSWy1 + fSWy2 +max(dSWy2, aSWy3) + cSWu1 +max(dSWy3, aSWy4)

+ fSWy2 + fSWy1

(3.5)

hNLSw3 = fSWy1 + fSWy2) +max(dSWy4, aSWy5) + iSWy2 +max(dSWy5, aSWy6)

+ fSWy2 + fSWy1

(3.6)

hNLSw4 = fSWy1 + fSWy2 + aSWy7 + iSWy2 + aSWy8 + fSWy2 + fSWy1 (3.7)

hNLSw = max(hNLSw1, hNLSw2, hNLSw3, hNLSw4) (3.8)

In the z-coordinate plane, two buildups are accounted for. Equations (3.9) and (3.10)

capture the driving dimensions of the controller, insulation, and accessibility around the

PC, iSWz1, outgoing conductor, cSWz2, contactor, iSWz2, and cylinder, iSWz3. Again, the

maximum of the two build-ups is taken to drive the no-load switch’s length as captured

by eq. 3.11.

lNLSw1 = cSWz3 + dSWy4 + fSWz1 + fSWz2 + cSWz2 +max(dSWz3, aSWz2, aSWz3) + iSWz1

+max(dSWz2, aSWz1) + fSWy2 + fSWy1 + dSWz1 + cSWz1

(3.9)
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lNLSw2 = cSWz1 + dSWz1 + fSWz1 +max(dSWz5, aSWz4) + iSWz2 + iSWz3 +max(dSWz6, aSWz5)

+ fSWz4 + dSWz4 + cSWz3

(3.10)

lNLSw = max(lNLSw1, lNLSw2) (3.11)

The no-load switch’s volume is found by eq. 3.13 and informs the power density

calculation in the section 3.6.

vNLSw = wNLSw ∗ hNLSw ∗ lNLSw (3.12)

With the width, height, and length equations synthesized from the fully dimensioned

no-load switch, the allocation and compilation process is complete. The following section

walks the reader through the Matlab metamodel code that calculates MOPs, specifically

power density and specific power, for the no-load switch.

vNLSw = wNLSw ∗ hNLSw ∗ lNLSw (3.13)

3.6 MATLAB Metamodel Code

Fig. 3.22 is a sequence diagram depicting how the no-load switch metamodel code is con-

structed and passes data between its two sub-functions. The main code scales and com-

piles the test article while is housed in NLSw.m while scaling with rated voltage creepage
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Figure 3.22: Sequence Diagram of No-Load Switch Matlab Code

and clearance distances are calculated in the sub-functions Stand Off Distances.m and

Isolation Distances.m. To begin the scaling, NLSw.m brings in the variable x housing the

required design spaces variables. For the single no-load switch compilation shown here,

rated voltage and rated current are design space variables specified by the designer. In

chapter 4 when the complete PDM bay is compiled more design space variables are con-

sidered. Next, NLSw.m loads the initialized allocations of the test article no-load switch

designed to 6kV and 2kA from the input NLSw.mat file. The test article’s initialized al-

locations housed in NLSw.mat are taken from the no-load switch modeled in fig. 3.2 as

found in [38]. Materials.mat is brought in to initialize the densities used for later weight

calculations, modulus of elasticities for column buckling analysis, and insulation con-

stants. From there, NLSw.m begins the scaling process. The model finds a scaling ratio

between the test article no-load switch and the rated current passed in as a design space

variable (x). The scaling ratio, defined as Iratio, is derived from the test article’s initialized

internal resistance to find a scaled resistance that is used to calculate the power loss of

the scaled NLSw. The scaling ratio and the individual no-load switch’s power losses are

found by eqs. (3.14) and (3.15).

Iratio = Iscaled/Itestarticle (3.14)
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PowerLoss = RatedCurrent2 ∗ ScaledResistance (3.15)

Once scaled power losses are found, NLSw.m uses the scaling ratio to scale the con-

ductor diameters, width of the cylinder housing the contactors, and the number of heat-

sink fins, all of which are assumed to scale with current and subsequently power. Creep-

age and clearance distances informing insulation allocations are then calculated in the

sub-functions Stand Off distances.m and Isolation Distances.m by sending the array of

input variables Stand in 1 and Iso in 1 to each sub-function. Fig. 3.22 presents each of

these arrays as a single variable but in practice, Stand in 1 and Iso in 1 are arrays con-

taining the variables found in table 3.1.

Variable Description

OVCat Over Voltage Category
UAC UDC/sqrt(2)*.98/2
UDC Rated Voltage/2

ku Voltage Tolerance
kr Voltage Ripple
kp Line-to-Gound Pulsing Factor
fr AC Frequency

U Nom Line-to-Line Functional Insulation
U INSUL L Line-to-Ground Functional Insulation

DC DC System Marker

Table 3.1: Stand in Array Variables

The variable arrays Stand out and Iso out are returned to NLSw.m with both arrays

housing a prescribed air-gap clearance and creepage distance, denoted as dClr and dCrp,

informed by the inputs of Stand in and Iso in. Each insulation allocation captured in

figs. 3.17 to 3.21 is assigned its appropriate dClr or dCrp value. The compilation of the no-

load switch’s width, height, length, and mass can now begin as all allocations have been

initialized through either NLSw.mat, or Stand Off distances.m and Isolation Distances.m.

Width, length, and height equations for the no-load switch are compiled from the sec-
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Variable Description

OVCat Over Voltage Category
U1 Rated Voltage 1
U2 Rated Voltage 2
ku1 Voltage Tolerance 1
ku2 Voltage Tolerance 2
kr1 Voltage Ripple 1
kr2 Voltage Ripple 2
kp1 Line-to-Gound Pulsing Factor 1
kp2 Line-to-Gound Pulsing Factor 2
fr AC Frequency

U Nom 1 Line-to-Line Functional Insulation 1
U Nom 2 Line-to-Line Functional Insulation 2

DC1 DC System Marker 1
DC2 DC System Marker 2

Table 3.2: Iso in Array Variables

ond pass dimensions drawings shown in figs. 3.17 to 3.21. Each directional compilation

can, and in this use-case will, have multiple driving compilations which were presented

in section 3.5 and captured by eqs. (3.1), (3.2), (3.4) to (3.7), (3.9) and (3.10) and ??.

With the NLSw’s scaled width, length, and height found, only the no-load switch’s

mass remains to be calculated. The mass of each component or allocation type is found

by calculating each allocation type’s volume and multiplying its volume by the density

corresponding to the allocation. The controller, frame supports, and frame enclosure vol-

ume are directly scaled from the test article’s initialized volume with the scaling factor

employed earlier. The volumes of the cylinder housing the contactors, the conductors,

and the heat-sink surrounding the contactor cylinder are not directly scaled by the scal-

ing factor but instead through the individual scaling of their allocations as produced by

the scaling process. To find mass, the scaled volumes are multiplied by the densities

brought in by Materials.mat. The assumed densities are presented in table 3.3.

With component and allocation masses determined, the masses are summed together

to compute the total mass of the no-load switch in kilograms. This ends the compilation
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Mass Contributor and Material and Density (kg/m3)

Controller Assembly 75
Frame Supports Aluminum 1100 2720
Frame enclosure Aluminum 1100 2720

Contactor Cylinder Aluminum 1100 2720
Conductors Copper 8940
Heat Sink Aluminum 1100 2720

Table 3.3: Materials and Densities Informing Mass Calculations

of the individual no-load switch’s width, length, height, and mass. Each is stored in the

array k NLSW and returned from NLSw.m as outputs.

To summarize, NLSw.m takes in rated voltage and current, initializes the model the

output will be scaled from and the materials used, calls two sub-functions to determine

scaling insulation requirements, determines the width, length, height, and mass of the

scaled no-load switch based upon a scaling factor determined by the inputted rated volt-

age and current, and ultimately calculates the width, length, height, and mass of the

scaled no-load switch. While the model described calculates only one voltage-dependent

output of the scaled no-load switch for use in S3D’s LEAPS database, an additional wrap-

per function executing this code over a specified voltage range will produce figures demon-

strating how these calculated parameters change with voltage. The next section will

present such figures and comment on their findings.

3.7 No-Load Switch Metamodel Results

The outputs of the no-load switch metamodel are presented in figs. 3.23 and 3.24. Fig.

3.23 shows the no-load switch’s overall modular width, height, and length as distribution

bus voltage increases from 5kV to 30kV. Notice that height and length increase seemingly

linearly as voltage increases. This is due to insulation creepage and clearance distances,

namely dSWy1, dSWy3, dSWy4, and dSWy5 for height, and dSWz1 and dSWz4 for length, in-

creasing linearly as voltage increases as seen in fig. 2.7. Note that the overall width does
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not begin to scale linearly with voltage until 16kV. The overall width’s transition to lin-

ear scaling at 16kV is caused by thermal and accessibility allocations initialized from the

state-of-the-art hardware our model represents being larger in magnitude than prescribed

creepage and clearance distances when distribution bus voltage is less than 16kV. Once a

system voltage of 16kV is reached the IEC 61800-5 dictated creepage and clearance air-gap

standoff distances overtake initialized thermal and accessibility allocations and continue

driving total width until 30kV.

Figure 3.23: Width, Height, and Length Results

The overall mass, in kilograms, of the no-load switch as it scales from 5kV to 30kV is

presented in fig. 3.24, and reflects the trends found in fig. 3.23. Mass increases approx-

imately linearly from 5kV to 16kV and then increases in slope until the study’s limit of

30kV. The increase in mass as voltage increases is due to the overall width experiencing

the same linear increase at 16kV. Air-gap creepage and clearance distances do not con-

tribute to the overall mass of the no-load switch, as air-gap allocations do not constitute

mass, but do cause the width of the frame structures to increase, which consequently
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increases overall weight as shown in fig. 3.24.

Figure 3.24: No-Load Switch Mass Results
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CHAPTER 4

PDM BAY ALLOCATION AND COMPILATION USE-CASE

This section builds upon the use-case employed in Section 3 to model a functional power

distribution module (PDM) with the capability to electrically isolate upstream and down-

stream equipment by providing galvanic isolation through a DC no-load switch. In-

cluded in a functional PDM are the galvanic isolating no-load switches, heat exchang-

ers to provide thermal management, bus connections for each no-load switch, and sup-

ply and feeder cabling in and out of the PDM. To build a functional PDM, two no-load

switches, for the positive and negative leg of the DC distribution network, are packaged

into drawers. Drawers are stacked on top of each other into a compartment until the im-

posed height constraint necessitates adding additional compartments. Each additional

compartment is adjacently attached to the prior compartment until the required num-

ber of disconnects is achieved. The adjacent compartments, in addition to allocations for

compartment-specific heat exchangers, interconnections, and cabling, are considered a

PDM bay.

The rest of this chapter will demonstrate the allocation and dimensioning process of

the no-load switches modularized into drawers, demonstrate how drawers are modular-

ized into compartments and bays using the allocation and dimensioning process, outline

the model specifications used to find metamodel results as voltage changes from 5kV-

30kV, describe the operation of the metamodel MATLAB code, and finally present and

comment on the metamodel’s results.
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4.1 PDM Allocation and Compilation Process

4.1.1 No-Load Switch Drawer

As previously mentioned, a positive leg no-load switch and negative leg no-load switch

are used as disconnects in the functionally defined PDM. The positive and negative leg

switches are modularized side by side into drawers to take advantage of minimizing EMI

through the properties of symmetry [17]. What was a complete build-up of the no-load

switch with active component, insulation, thermal, accessibility, frame, and conductor

allocations in section 3, now becomes an active component of the modular drawer. Fol-

lowing the allocation and compilation process introduced in the previous section, and as

shown in fig. 3.1, the process begins by placing active components. Two modular no-load

switches, LRUs in the VPP ontology, are placed adjacently as active components of the

PDM no-load switch drawer. Fig. 4.1 shows the placed active components.

Figure 4.1: Drawer Primary Allocations

Frame allocations are the only solid allocations added to active components in the

PDM no-load switch drawer. Thermal allocations are not placed because forced-air con-

vection is chosen as the PDM’s cooling solution. If instead, direct cooling was selected

as a design choice, a solid thermal management allocation would be added. Conductors

will be added in the subsequent connection compartment compilation requiring no solid

conductor allocations to be accounted for in the drawer.

Determining and adding supplementary allocations is the next step in the allocation
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Figure 4.2: Drawer Supplementary Allocation Flowchart

and compilation process. Here, dependent thermal management, insulation, and acces-

sibility supplementary allocations are added to active components and solid allocations.

Similar to fig. 3.1 from section 3, an allocation determination flowchart is employed to

help visualize the supplementary allocation determination process. As with the no-load

switch’s supplementary allocation flowchart, Fig. 4.2 visualizes the impact insulation co-

ordination and thermal management design decisions have on supplementary allocation

additions. The two design decisions captured in 4.2 are identical to the no-load switch

and are between hull-grounding or floating the individual no-load switches, and using

forced-air convection or liquid cooling as thermal management solutions.

Either selection of design decisions is viable for shipboard applications, but in this

model the no-load switches are left floating at system potential and forced-air convection

is chosen as a cooling solution. From these design choices, and in accordance to Fig. 4.2,

each no-load switch requires insulation, accessibility, and thermal airflow supplemen-

tary allocations. These supplemental allocations are added around each switch and when
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fully allocated build to fig. 4.3. All three supplementary allocations occupy the same

physical space, as room for air-flow also functions as room for air-gap creepage or clear-

ance requirements, and the physical space required to service or replace the packaged

no-load switches. This is a full compilation and the output of step 3 in the allocation and

compilation process.

Figure 4.3: No-Load Switch Drawer Supplementary Allocations

Step 4 in the allocation and compilation process, requires first pass dimensioning of

the modularized no-load switches as shown in figs. 4.4 and 4.5. This is an initially di-

mensioned compilation. Because no allocations can be combined or simplified figs. 4.4

and 4.5 also serve as outputs of the second pass dimensioning step. With a final dimen-

sioned compilation the compilation buildup can begin.

From figs. 4.4 and 4.5 the width, height, and length compilation buildup equations are

synthesized into eqs. (4.1) to (4.3). These form a fully constrained compilation that can be

captured by the MATLAB metamodel. With this, the allocation and compilation process

is complete for the modular drawer of a PDM.

wDS = fDSx1 + fDSx2 +max(aDSx1,max(thDSx1, dDSx1)) + iDSx1 + dDSx2 + iDSx2

+max(aDSx2,max(thDSx2, dDSx3)) + fDSx2 + fDSx1

(4.1)

48



Figure 4.4: NLSw Drawer Front Dimensioned

Figure 4.5: NLSw Drawer Side Dimensioned
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hDS = fDSy1 + fDSy2 +max(aDSy1,max(thDSy1, dDSy1)) + iDSy1

+max(aDSy2,max(thDSy2, dDSy2)) + fDSy2 + fDSy1

(4.2)

lDS = iDSz1 (4.3)

4.1.2 PDM No-Load Switch Drawer Results

The outputs of the no-load switch drawer metamodel are presented in figs. 4.6 to 4.9. Fig.

4.6 shows how the modular no-load switch drawer dimensions scale with voltage from

5kV to 30kV. As with the no-load switch LRU, the drawer’s height and length increase

linearly with voltage as driven by increasing insulation creepage and clearance require-

ments. This correlation between modular ontological units is expected as the drawer is

comprised of two LRUs, no-load switches, and the LRU’s impact on design metrics will

inform every ontological. The drawer width is also informed by the no-load switch’s

width. Overall drawer width does not begin increasing until 16kV just as in the no-load

switch when creepage and clearance distances begin to drive overall width. This cor-

relation again highlights how design decisions or technology selection at the base LRU

ontological level will inform every modular level that incorporates the LRU as a building

block.

Fig. 4.7 presents the drawer’s overall mass which correlates closely with the indi-

vidual no-load switch’s weight as seen in fig. 3.24. As overall width begins to increase

linearly at 16kV due to driving insulation allocations, mass also experiences a change in

slope and begins increasing more rapidly. As with the no-load switch, the increase in

overall weight is due to an increase in frame weight as the frame widens to allow for

prescribed creepage and clearance stand-offs.

50



Figure 4.6: No-Load Switch Drawer Dimensions

Figure 4.7: No-Load Switch Drawer Mass
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Figure 4.8: No-Load Switch Drawer Power Density Comparison

Fig. 4.8 compares the power density of the modularized no-load switch drawer to

the power density of two LRU no-load switches. The comparison demonstrates the loss

in power density, design metrics in a general sense, as technologies are modularized and

built into a modular distribution network. The drawer’s power density is labeled Drawer

PD and shown in red while the no-load switch’s power density is labeled Active Compo-

nent PD and shown in blue. As seen in the figure, once insulation, thermal, and accessi-

bility allocations are added to the drawer its power density peaks at 43 MW/m2 at 16kV

compared to the no-load switch’s 97 MW/m2.

Fig. 4.9 compares specific power between the modularized drawer and its LRU, no-

load switch, building blocks. The loss in specific power between the modularized drawer

and no-load switch, active component, is less pronounced than power density. This is

because while increasing creepage and clearance requirements do drive overall volume,

which in turn drives frame weight, the added air-gap standoffs do not contribute to over-

all weight. At 16kV, the drawer’s specific power no longer increases linearly and begins
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Figure 4.9: No-Load Switch Drawer Specific Power Comparison

to lessen until flattening at 30kV. The frame’s weight begins to dominate the weight of

active components and causes no further gain in specific power as voltage is increased.

4.1.3 PDM Heat Exchanger Drawer

A fully functional PDM requires active thermal management to efficiently cool the no-

load switches housed within the bay. For this use-case, a fan-driven heat exchanger is

selected as the PDM’s thermal management solution. The heat exchanger will be pack-

aged into a drawer housed in the same compartment as the no-load switch drawers. Each

compartment will have one heat exchanger, located at the top of the compartment, to fa-

cilitate air-flow cooling.

The heat exchanger’s allocation and compilation process will be performed and demon-

strated as it becomes a modular building block in the modular distribution network. This

highlights the adaptability of this methodology; namely that any technology, in this case

not power electronic equipment, can be accounted for in the metamodel produced by the
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allocation and compilation process.

As with the no-load switch drawer, the heat exchanger’s allocation and compilation

process begins by placing active components. Because the heat exchanger is assumed to

be a procured technology, the heat exchanger is placed as an active component in step

one of the process as reflected in fig. 4.10.

Figure 4.10: Heat Exchanger Primary Allocation

With no solid allocations required, the heat exchanger is assumed a fully functional

procured piece of equipment, next is the placement of supplementary allocations. Fig

4.11 shows the allocation flowchart used to determine supplementary allocations. The

two decisions captured in fig. 4.11 are between floating or hull-grounding the heat ex-

changer within the drawer and the use of forced-air convection or liquid cooling thermal

management solutions. Unlike the packaged no-load switches, the heat exchanger is as-

sumed to be hull grounded in this use-case and forced-air convection cooling is implicit

in the choice of a heat-exchanging fan. Choosing hull-grounded at the insulation coor-

dination decision node, and forced-air convection at the thermal management node, ac-

cessibility and thermal supplementary allocations are prescribed for the heat exchanger’s

active component. These additions are reflected in figs. 4.12 and 4.13.

First and second-pass dimensioning is subsequently performed. Because no dimen-

sions can be subsumed between first and second pass dimensioning, figs. 4.14 and 4.15

presents the fully dimensioned heat exchanger.

The compilation equations that fall out of the fully dimensioned heat exchanger are
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Figure 4.11: Heat Exchanger Supplementary Allocation Flowchart

Figure 4.12: Heat Exchanger Supplementary Allocation X-Direction
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Figure 4.13: Heat Exchanger Supplementary Allocation Z/Y-Direction

Figure 4.14: Heat Exchanger Dimensions X-Direction
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Figure 4.15: Heat Exchanger Dimensions Z/Y-Direction

captured by eqs. (4.4) to (4.6):

wDH = fDHx1 + fDHx2 +max(aDHx1, thDHx1) + iDHx1 +max(aDHx2, thDHx2)

+ fDHx3 + fDHx4

(4.4)

hDH = fDHy1 + fDHy2 +max(aDHy1, thDHy1) + iDHy1 +max(aDHy2, thDHy2)

+ fDHy3 + fDHy4

(4.5)

lDS = iDHz1 (4.6)
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4.1.4 PDM Drawer Compartment

At the compartment level, the allocation and compilation process assembles the no-load

switch and heat exchanger drawers into compartments. The no-load switch and heat ex-

changer drawers now become active components of the compartment, with active com-

ponents placement presented in figs. 4.16 and 4.17. Note that the compartment active

component placement is almost identical to the drawer primary placement, highlighting

again the generic and adaptability of this methodology to all levels of modularization.

Figure 4.16: PDM Compartment Primary Allocations

Figure 4.17: Heat Exchanger Compartment Primary Allocations

Once placed, supplementary allocations are added to active components as deter-

mined by the flowchart presented in fig. 4.18. Insulation coordination becomes the only

decision node present as thermal management, or space for air-flow, has previously been

added to the drawer. The choice, as before, is between hull-grounding the drawer or float-

ing the drawer at system potential. Because additional insulation allocations have already

been added to the no-load switch assembly at the drawer level, and the heat exchanger is
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assumed hull-grounded, hull-grounded has been implicitly chosen. Hull-grounding pre-

scribes only accessibility allocations to both the no-load switch and the heat exchanger

drawer. Figures 4.19 and 4.20 shows the accessibility allocations added to the active com-

ponent no-load switch and heat exchanger drawers.

Figure 4.18: No-Load Switch and Heat Exchanger Compartment Supplementary Alloca-
tion Determination Flowchart

Figure 4.19: No-Load Switch PDM Compartment Supplementary Allocations

First and second-pass dimensioning get subsumed into a single step as no overlap-

ping dimensions exist during first-pass dimensioning. Figs. figs. 4.21 to 4.23 represent

fully dimensioned compartment drawers. Note that the heat exchanger’s indexed di-

mensions as presented in 4.20 are indexed from the no-load switch drawer dimensions

seen in figs. 4.21 and 4.22 instead of zero. Active component, solid allocation, and sup-
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Figure 4.20: Heat Exchanger Compartment Supplementary Allocations

plementary allocation dimensions are indexed in reference to each other when housed

in the same modular assembly. This was the case in chapter 3 when a power controller

active component was added to the no-load switch’s active components, and indexed in

reference to the no-load switch’s active components. The same occurs in the compart-

ment as both the no-load switch and heat exchanger drawer are part of the same modular

compartment assembly.

Figure 4.21: PDM Compartment Drawer Dimensions

The drawer compartment build-up equations are captured in section ?? as the build-up

equations depend upon the number of no-load switch drawers required in each drawer

compartment. They will be compared against the connection compartment build-up

equations with the maximum driving overall bay dimensions.
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Figure 4.22: PDM Compartment Drawer Dimensions

Figure 4.23: Heat Exchanger Dimensions Z/Y-Direction
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Figure 4.24: Dimensioned NLSw and HXG Compartment

4.1.5 PDM Connection Compartment

The PDM requires a connection compartment be added to account for cabling and bus

bar connections required for connection to the assumed modular distribution network.

Each no-load switch is connected through a positive and negative cabling connection

brought in through the top of the connection compartment. Each cable connection must

land on bus bar stabs that extend through the connection compartment into the drawer

compartment to allow the no-load switch drawers to slide in and out of the connection
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compartment bus bar connections. In traditional switchgear, this is achieved through sta-

tionary spring-loaded bus bar stabs that are the ”female” connection to the removable

”male” connection of the draw-out circuit breaker. That traditional connection is mod-

eled here but naval designers will have the freedom to determine physical connection

compartment connections during the design process.

The drawer compartment becomes an active component of the connection compart-

ment and is placed in fig. 4.25. Solid allocations are placed next. The connection com-

partment requires solid conductor allocations representing connection bus bar stabs, con-

nection cabling, and solid frame allocations be added as supplementary allocations. In

this use-case, it is assumed that the connection compartment and drawer compartment

are constrained to the same height. This may not be the case in all applications. If the

two compartment heights are not constrained, the PDM Bay height will be taken as a

maximum between the connection compartment and the drawer compartment height as

informed by compartment compilation equations. Fig 4.26 reflects the conductor and

frame solid allocation additions.

Figure 4.25: Active Component Placement of Connection Compartment
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Figure 4.26: Solid Allocation Placement of Connection Compartment

Following the allocation and compilation process, supplementary allocations are sub-

sequently added. Supplementary allocation determination of the active component drawer

compartment and interconnection cabling assumes that insulation coordination has al-

ready taken place at the drawer level and through cable insulation, leaving thermal man-

agement as the only design decision to account for. As with the no-load switch and draw-

ers, the choice is between liquid cooling or forced-air convection. Forced-air convection

is implicitly chosen in this use-case, resulting in thermal air flow and accessibility alloca-

tions being prescribed as seen in fig. 4.27.

The bus bar connection stabs are assumed to be uninsulated bus bar and therefore

insulation coordination must be considered. Fig. 4.28 reflects this with a decision node

for insulation allocations. The bus bar connections are necessarily be left ungrounded
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Figure 4.27: Active Component & Cabling Supplementary Allocation Determination

and forced-air convection is selected for thermal management to prescribe insulation,

thermal, and accessibility supplementary allocations. The corresponding supplementary

allocations are added to fig. 4.26 and are reflected in fig. 4.29.

Figure 4.28: Bus Bar Conductor Supplementary Allocation Determination
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Figure 4.29: Supplementary Allocation Placement of Connection Compartment

First and second-pass dimensioning is performed on the fully allocated compilation in

the x, y, and z, coordinate plane. Fig. 4.30 shows the first pass dimensioning in the y and

z coordinate plane. Due to the absence of overlapping dimensions, 4.30 becomes the fully

dimensioned drawing used in the compilation build-up. The connection compartment’s

dimensioning of the x-coordinate system will be presented in the following section as

insulation stand-off distances are dictated by the number of adjacent compartments re-

quired by the bay. The maximum width between the adjacent connection compartments

and drawer compartments will drive the bay’s overall width.

66



Figure 4.30: First & Second-Pass Dimensioning of Connection Compartment

Due to the dependence of the bay’s overall width, height, and length on the number of

no-load switches required, the drawer compartment, connection compartment, and bay

build-up equations are presented in section 4.2.

67



4.1.6 PDM Bay

To demonstrate the allocation and compilation process at the bay ontological level, the

figures introduced in this section assume that eighteen no-load switches, or nine modular

no-load switch drawers, are required. Due to an assumed imposed height constraint,

three adjacent compartments are required to house the required disconnects. Initiating

the allocation and compilation process, the drawer and connection compartments are

placed as active components of the bay as shown in figs. 4.31 and 4.32.

Supplementary allocations are subsequently added and determined by fig. 4.33. Insu-

lation coordination is assumed accounted for in the drawer and connection compartment

by added creepage and clearance stand-offs at the no-load switch drawers and connection

compartment, leaving thermal management as the only decision node. As previously as-

sumed the PDM bay will be forced-air cooled by heat exchangers located in each drawer

compartment. Following 4.33 thermal air-flow and accessibility allocations are prescribed

and added as reflected in figs. 4.34 and 4.35.

First, and the subsumed second-pass dimensioning, in the x-coordinate plane of the

Figure 4.31: PDM Bay Active Component Placement
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Figure 4.32: PDM Bay Active Component Placement

Figure 4.33: Supplementary Allocation Determination for PDM Bay

fully allocated bay is presented in figs. 4.36 to 4.38. Note that as with any allocation, allo-

cations can be set to zero as design decisions are made. In practical application, thermal
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Figure 4.34: PDM Bay Supplementary Allocation Placement

Figure 4.35: PDM Bay Supplementary Allocation Placement

air flow and accessibility, as represented by aBy2 and thBy2, may not be feasibly added

underneath compartments resulting in each allocation set to zero. The same is true for
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the added frame structure represented by fBy1 and fBy2. In this use case, it is added to

provide protection from the shipboard environment but may be foregone and set to zero

during practical implementation. Fig. 4.38 will be elaborated on in section 4.2.

Figure 4.36: Dimensioned PDM Bay X-Direction

The resulting bay build-up equations will be presented in section 4.2 as the drawer

compartment, connection compartment, and bay equations inform each other. With a

fully dimensioned model complete the bay allocation and compilation process is com-

plete.
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Figure 4.37: Dimensioned PDM Bay

Figure 4.38: Dimensioned PDM Bay Connection Compartment X-Direction
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4.2 PDM Metamodel MATLAB Code

Fig. 4.39 is a sequence diagram depicting how the PDM Metatest Matlab code is con-

structed and passes data between its multiple sub-functions. The metatest is comprised

of multiple sub-functions that are called as shown in Fig. 4.39. The Metatest code builds

upon the simulation code described in chapter 3 and nests the code scaling the individual

no-load switch, called NLSw.m in section 4, into Switch Drawers.m. The execution of the

Metatest code is similar to NLSw.m. PDM Metatest.m is the wrapper script that queries

inputs directly from the designer and passes them to the sub-functions housed within.

Four input arrays, categorized as design space variables (x), design requirements (r), de-

sign parameters (k), and operational vignettes (v), are passed to PDM Metatest.m. Each

array may, and often will, have multiple input arguments. The simulation code begins

with the designer being asked the following questions to populate the four inputs:

Figure 4.39: Bay Code Sequence Diagram
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• Design Space Variables (x)

– Rated connection voltage? (between 1,000 and 36,000 volts)

– Rated connection current? (between 300 and 3500 amperes)

– What is the inlet water temperature (deg C)?

– What is the inlet mass flow rate (kg/s)?

• Design Requirements (r)

– Maximum allowable bay height? (meters)

• Design Parameters (k)

– How many in-zone connections are there? (between 0 and 10)

– Is there a forward connection? (Enter 1 for YES and 0 for NO)

– Is there an aft connection? (Enter 1 for YES and 0 for NO)

• Operational Vignettes (v)

– How many in-zone connections are in the ON state?

– What is the input connection current (A)?

– Is the forward connection in the ON state? (Enter 1 for YES and 0 for NO)

– What is the input forward connection current (A)?

– Is the aft connection in the ON state? (Enter 1 for YES and 0 for NO)

– What is the input aft connection current (A)?

Once queried, the inputs are stored in structures denoted x for design space vari-

ables, r for design requirements, k for design parameters, and v for operational vignettes.

Structures x, r, and k are passed from PDM Metatest.m to PDM Metamodel.m. Opera-

tional vignettes (v) are not passed because the calculations requiring these inputs takes
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place in PDM Metatest.m. PDM Metamodel.m is the sub-function that calls the compila-

tion sub-functions Switch Drawers.m and PDM Bay Buildup. It is in Switch Drawers.m

and PDM Bay Buildup that the various allocation types in the x, y, and z direction are

built up into width, length, and height equations. Structures x, r, and k are passed from

PDM Metamodel.m to Switch Drawers.m beginning the compilation process. Switch Drawers.m

first loads the initialized allocations of the test article no-load switch designed to 6000V

and 2000A [38] from the input NLSw.mat file. The Materials.mat input is brought in to

initialize the densities used for later weight calculations, modulus of elasticities for col-

umn buckling analysis, and insulation constants. The sub-function unpacks the design

space variables and uses rated connection current to find a scaling ratio between the test

article no-load switch and the current chosen by the designer. The scaling ratio Iratio is

dived by the test article’s initialized internal resistance to find a scaled resistance that is

used to find the power loss for the designer selected no-load switch using eq. 4.7.

PowerLoss = RatedCurrent2 ∗ ScaledResistance (4.7)

With scaled power losses found, Switch Drawers.m uses the scaling ratio to scale the

width of contactor cylinder, the width of the actuator cylinder, and the number of heat-

sink fins, all of which are assumed to scale with current and subsequently power. Next,

just as in NLSW.m, Switch Drawers.m calls the sub-functions Stand Off distances.m and

Isolation Distances.m to calculate creepage and clearance distances that inform that insu-

lation allocations. Fig. 4.39 shows single variables, Stand in 1 and Iso in 1, being passed

to their respective sub-functions but in practice Stand in 1 and Iso in 1 are a list of the

following variables:

• Stand in 1

– OVCat - Over-voltage Category

– UAC - (UDC/sqrt(2)*.98)/2
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– UDC - Rated Voltage/2

– ku - Voltage Tolerance

– kr - Voltage Ripple

– kp - Line-to-Ground Pulsing Factor

– fr - AC Frequency

– U Nom - Line-to-Line Functional Insulation

– U INSUL L - Line-to-Ground Functional Insulation

– DC - DC System Marker

• Iso in 1

– OVCat - Over-voltage Category

– U1 - Rated Voltage 1

– U2 - Rated Voltage 2

– ku1 - Voltage Tolerance 1

– ku2 - Voltage Tolerance 2

– kr1 - Voltage Ripple 1

– kr2 - Voltage Ripple 2

– kp1 - Line-to-Ground Pulsing Factor 1

– kp2 - Line-to-Ground Pulsing Factor 2

– fr - AC Frequency

– U Nom 1 - Line-to-Line Functional Insulation 1

– U Nom 2 - Line-to-Line Functional Insulation 2

– DC1 - DC System Marker 1

– DC2 - DC System Marker 2
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An in-depth definition and description of the variables can be found in [23]. The

variable lists Stand out 1 and Iso out 1 are returned to Switch Drawers.m with both lists

housing a prescribed air-gap clearance and creepage distance, denoted as dClr and dCrp,

based upon the inputs of Stand in 1 and Iso in 1. Each insulation allocation is assigned its

appropriate dClr and dCrp value. With allocations initialized either through NLSw.mat, or

Stand Off distances.m and Isolation Distances.m, the compilation of the no-load switch

can begin.

The width, length, and height of the no-load switch is compiled based on figs. 3.17

to 3.19 as in NLSW.m and the compilations remain the same as captured by eqs. (3.1),

(3.2), (3.5) to (3.7), (3.9) and (3.10). As before, the max between directional compilations is

taken as captured by eqs. (3.3), (3.8) and (3.11).

This ends the scaling of the individual no-load switch and marks the beginning of

modularizing the scaled no-load switches into modular drawers. The compilation of the

drawers begins by bringing in the drawers’ initialed thermal, accessibility, and frame

allocations to Switch Drawers.m from PDM Switch Drawers.xlsx as show in fig. 4.39.

These allocations correspond to figs. 4.4 and 4.5 in section 4.1.1. As when compiling the

individual no-load switch, air-gap creepage and clearance distances are assigned to the

insulation allocations by passing Stand in 2 and Iso in 2 to Stand Off distances.m and Iso-

lation Distances.m. The calculated creepage and clearance distances are returned through

Stand out 2 and Iso out 2 and assigned to the appropriate insulation distances.

Before calculating the total drawer width, length, and height and ultimately passing

k physical and k thermal to PDM Metamodel.m, the code calculates the frame support

length, fDSz3 and fDSz4, based upon column buckling analysis. A safety factor of 2.0 is

used along with an initialized frame width. The frame support height is a function of

the no-load switch’s height. The assembled drawers’ total width, length, and height are

calculated as informed by figs. 4.4 and 4.5. Unlike the individual no-load switch, each

dimension in the drawer compilation only has one possible build-up so no maximum is
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taken.

The weight of the assembled drawer is found by adding the calculated weight of two

individual no-load switchs plus the weight of the drawer support frames and enclosure.

As the mass was found for the no-load switch, the volume of the support frames and

enclosure are found and then multiplied by the density of Aluminum 1100.

The packaged drawer’s width, height, length, and mass are stored in k physical along

with the individual no-load switch’s width, height, length, and mass and returned to

PDM Metamodel.m in addition to k thermal and alpha SW. Alpha SW is no used by the

designer but houses specific allocations either pulled in from PDM Switch Drawers.xlsx

or scaled from the test article to be used in the PDM Bay Buildup.m compilation.

To begin building up the packaged no-load switch drawers into the drawer compart-

ment, PDM Metamodel.m passes the variable structures x, r, k, k physical, k thermal, and

alpha SW to PDM Bay Buildup.m as shown in fig. 4.39. PDM Bay Buildup.m begins by

again pulling in the drawer’s initialized thermal, accessibility, and frame allocations from

PDM Switch Drawer.xlsx and assigning allocations to local variables. PDM Bay Buildup.m

pulls in initialized thermal, accessibility, conductor, and frame allocations that pertain to

the bay compilation from PDM Bay.xlsx. The allocations are informed by figs. figs. 4.36

to 4.38. Materials.mat is pulled into PDM Bay Buildup.m to calculate component masses.

Air-gap creepage and clearance distances are determined by passing the list of variables

Stand in 3 to Stand Off Distances.m. Stand out 3 is returned and the appropriate creep-

age and clearance distances are assigned to the insulation allocations.

Next is the determination of how many drawers fit into a compartment and how

many compartments are required based upon the number of switches determined in

PDM Metatest.m. The number of required switches is found by summing together the

designer’s answers to the questions asked in PDM Metatest.m, categorized as design pa-

rameters (k), to determine the total number of switches required. Using k and the bay

maximum height constraint, r, PDM Bay Buildup.m determines the number of switches
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per bay and number of compartments per bay. Recall that a bay is comprised of adja-

cent compartments filled with drawers. When the number of drawers required, based

upon the number of switches required, exceeds the available space for drawers in one

compartment then a subsequent compartment is added. This continues until enough

compartments are added to house the quantity of drawers required.

To find the height available for drawers in a compartment, the model subtracts the

initialized bay z-direction frame allocations and heat exchanger drawer height from the

determined height constraint (r). The difference is then divided by the drawer height

calculated in Switch Drawers.m to find the number of spaces available for drawers in

one compartment. The model rounds down to the nearest integer as a fractional drawer

is not practical. The model then determines if additional compartments are required by

comparing the number of drawers required to the space available for drawers. If the

number of spaces available for drawers is less than the number of drawers required, then

additional compartments are added until all required drawers are placed. If the number

of spaces available for drawers is greater than the number of drawers required then only

one compartment is required and the bay height is driven by the drawer and connection

compartment height. An important note is that in this use case additional compartments

are assumed to be the same height as the first compartment for standardization even if the

additional compartments are not fully filled with drawers. The length and height of each

additional compartment is also assumed equal to the first compartment’s dimensions.

To find the total width of the bay module, resulting from the required drawers as

determined by the design parameters (k), the drawer compartment, connection compart-

ment, and modular bay widths are evaluated. Equations (4.14) to (4.17) and (4.23) capture

the build-up equations of the drawer compartment as informed by fig. 4.24 and ??.

To find the total width of the Bay module the width of the connection compartment

and drawer compartment, a function of required disconnects as queried from the de-

signer, are evaluated with the maximum driving overall width. Equations (4.8) to (4.16)
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capture the build-up equations informed by the bay fig. 4.36, connection compartment

fig. 4.38, and drawer compartment fig. 4.24.

wBay = max(wConnComp, wDrComp) (4.8)

wConnComp = fBx1 + dCCx1 + wstab + dCCx3 + (2× (ncomp − 1)× (wstab + dCCx3))

+ wstab + dCCx8 + fBx1

(4.9)

Where, dCCx3 is equal to dCCx6, dCCx7, and dCCx8 in eq. 4.10 as each allocation for

clearance requirements between conductors is energized to the same system voltage and

will require the same clearance stand-off distance.

dCCx3 = dCCx6 = dCCx7 = dCCx8 (4.10)

Where,

wstab = cCCx1 + cCCx2 + dCCx2 + cCCx3 + cCCx4 (4.11)

ncomp = Required number of compartments (4.12)
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wBayDr = fBx1 +max(aBx1, thBx1) + (ncomp × (wDrComp +max(aBx2, thBx2)× (ncomp − 1)))

+max(aBx4, thBx4) + fBx2

(4.13)

Where,

wDrComp = max(wDrComp1, wDrComp2) (4.14)

wDrComp1 = fCx1 + aCx1 + iCx1 + aCx2 + fCx1 (4.15)

wDrComp2 = fCx1 + aCx1 + iCx2 + aCx2 + fCx1 (4.16)

Where, thermal and accessibility allocations aBx2 and thBx2 from fig. 4.36 are assumed

equal to aBx3 and thBx3 because of the standardized nature of modular equipment.

The length of the Bay module is a function of the connection and drawer compart-

ment length as represented by eq. 4.17 and informed by figs. 4.30 and 4.37 and ??. Equa-

tions (4.18) to (4.22) inform eq. 4.17. The connection compartment length will calculate

dynamically as the number of drawers in each compartment changes with design de-

cisions and disconnects required. Equations (4.19) and (4.20) capture the two dynamic

build-ups of the connection compartment. Equation 4.19 captures the build-up when

thermal and accessibility allocations, aCCz1 and thCCz1, added to the connection cabling
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drive the width and eq. 4.20 captures the case when insulation, thermal, and accessi-

bility allocations added to the furthest extending connection stabs drive overall length.

The length of the drawer compartment is captured in eq. 4.22 and is subsumed into the

connection compartment build-up equations for ease of modeling.

lBay = fBz1 +max(aBz1 + thBz1) + iBz1 +max(aBz2 + thBz2) + fBz2 (4.17)

where,

iBz1 = max(lComp1, lComp2) (4.18)

where from fig. 4.30,

lComp1 = fCCz1 +max(aCCz1 + thCCz1) + cCCz1 × nDrawers + cCCz4 + cCCz5

+max(aCCz2 + thCCz2) + iCCz1

(4.19)

lComp2 = fCCz1 +max(aCCz3, thCCz3, dCCz1) + ((cCCz4 + cCCz5)× nDrawers)

+max(aCCz2 + thCCz2) + iCCz1

(4.20)

Where,

nDrawers = Number of Disconnects in Compartment (4.21)
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where from fig. ??,

iCCz1 = iCz1 + fCz1 (4.22)

The height of the bay module is calculated as a maximum between the drawer and

connection compartment height with the assumption that both compartment heights are

set equal to their maximum. Bay length is calculated by eq. 4.23, as informed by fig.

4.36, which sets bay height to the maximum between eqs. (4.24) and (4.25), as informed

by fig. 4.30 and ??. Both compartments build-up dynamically as a function of the number

of drawers per compartment, nDrawers, to account for changes in design decisions and

disconnects required by the designer.

hBay = max(hConnComp, hDrComp) (4.23)

where, from fig. 4.30

hConnComp = fCCy1 + dCCy1 + ((ndrawers)× (cCCy1 + dCCy2)) + fCCy2 (4.24)

Where, conductor and insulation allocations cCCy1 and dCCy2 from fig. 4.30 are as-

sumed equal to cCCy2, dCCy3, cCCy3, and dCCy4 as each conductor and its required clearance

requirement is assumed equal for every no-load switch.

hDrComp = iCCy1 = fCy1 + (ndrawers)× (iCy1 + aCy2) + iCy4 + aCy2 + fCy1 (4.25)
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Where, active component and accessibility allocations iCy1 and aCy2 from fig. 4.30 are

assumed equal to iCy2, aCy3, iCy3, and aCy4 as no-load switch drawer heights are equal and

accessibility required between drawers is assumed equal.

Where,

iCy4 = hHD (4.26)

iCy1 = hDS (4.27)

The volume of the Bay is found by multiplying together the calculated bay width,

length, and height as shown in Eq. 4.28 and is returned in k physical.

vbay = wBay × lBay × hBay (4.28)

The weight of the Bay is found by adding the weight of all of the required drawers, the

heat exchanger, the bay supports and enclosure, and the variable weight of the conductor

stabs depending on the number of drawers required. Similiar to how the mass was found

for the no-load switch and drawer, the volume of the bay support frames and enclosure

are determined and then multiplied by the density of Aluminum 1100. The mass of the

conductor stabs requires dynamic calculations to determine the number, and volume, of

the required conductor stabs before being multiplied by the density of copper. Because

the width, length, and height of each additional compartment is assumed equal to the

first, even if the number of drawers inside of the last compartment are not equal to the

first compartment, the last compartment’s stab conductor volume could be different than

the first compartment, meaning that the model can not simply multiply the stab volume
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of the first compartment by the number of compartments required. To capture the last

compartment’s variable conductor volume, the model uses if statements to determine the

number of stabs in the last compartment before computing their volume and adding it

to the first and subsequent compartment conductor volumes. Their combined volume is

multiplied by the density of copper to find the total weight of the conductor stabs. Once

found, all weights are summed and the total weight of the bay is stored in k physical to be

returned.

With the bay width, height, length, volume, and mass calculated and stored in k physical,

k physical and k thermal are returned to PDM Metamodel.m as shown in fig. 4.39. K physical

and k thermal are then returned to PDM Metatest.m and unbundled so that the no-load

switch, drawer, and total bay width, height, length, volume, and weight are displayed in

Matlab for the designer.

4.3 PDM Bay Metamodel Results

The outputs of the PDM bay metamodel are presented in figs. 4.40 to 4.44. Fig. 4.40 shows

the bay’s overall width, height, and length as system voltage increases from 5kV to 30kV

with a fixed current of 2000A and height constraint of 3 meters. Notice that the bay’s

height, shown in green, is bounded by the three-meter constraint. Whenever the three-

meter constraint is reached a subsequent increase in width is experienced as additional

compartments are added to house the disconnect drawers that push the bay height above

3 meters. This is seen at 10kV and again at 16kV. The reader will also notice that bay width

begins to linearly increase at 16kV as insulation requirements that drove the individual

no-load switch’s width and the no-load switch’s drawer width begin to drive overall bay

width. This again highlights that performance metrics of the lowest modular assembly

will inform performance metrics at the system level.

Total PDM bay mass is presented in fig. 4.41 and reflects the insights gained from

fig. 4.40. Note that when an additional compartment is added due to the imposed height
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Figure 4.40: PDM Bay Dimensions

constraint at 10kV, bay mass has a corresponding increase. This is again experienced at

16kV when insulation requirements begin to increase frame size and subsequently PDM

bay mass.

In fig. 4.42 the power density between the complete bay assembly is compared against

the power density of the active component no-load switch and heat exchanger drawers

that comprise the compartments and bay. The comparison again demonstrates the loss in

power density, performance metrics in a general sense, as active components are modu-

larized and built into a modular distribution network. The bay’s power density is labeled

Bay PD and shown in orange while the no-load switch and heat-exchanger drawers’ com-

bined power density is labeled Active Component PD and shown in blue. As seen in fig.

4.42, once insulation, thermal, and accessibility allocations are added to the compartment

and bay assembly power density peaks at 3.65 MW/m2 at 16kV compared to the active

components’ 7.45 MW/2. Note that at 10kV the bay’s power density experiences a de-
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Figure 4.41: PDM Bay Mass

crease in slope as the bay width in fig. 4.40 is approximately doubled to reflect an addi-

tional compartment. This is seen again at 17kV as the bay’s 3-meter height constraint is

reached, before linearly decreasing as bay width, height, and length continue increasing

linearly above 17kV.

Fig. 4.43 compares specific power between the bay assembly and its active compo-

nent building blocks. The loss in specific power between the bay and its active compo-

nent drawers is less pronounced than power density as increasing creepage and clearance

requirements continue to drive overall volume but do not contribute to overall mass. Spe-

cific power increases for both the bay and active components begin to flatten at 17kV as

the bay’s increasing frame weight, as dictated by increasing width, length, and height,

begins to dominate overall assembly weight. A key insight from the presented MOPs

suggests that power density and specific power gains will likely be negated by increased

insulation requirements above a certain distribution voltage threshold. This insight can

be counter-intuitive as increases in distribution voltage will necessarily increase power
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Figure 4.42: PDM Power Density Comparison

throughput, but as insulation, thermal, and accessibility requirements are considered and

incorporated into the meta-model these power throughput gains are often negated.

The final result as shown in fig. 4.44, compares the bay’s power density as bus voltage

increases from 5kV to 30kV to the bay’s calculated specific power. This is representa-

tive of the MOP Pareto fronts produced by the VPP that designers will use to select for

design solutions as a trade-off between stakeholder needs, here MOPs. Both trends sug-

gest diminishing returns on power density and specific power gains above 17kV. While

no definite findings can be made from fig. 4.44 as stakeholder needs are left undefined,

the MOP comparisons will provide transparency into design decisions’ impact on MOPs,

which designs will ultimately use to evaluate equipment and system performance.
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Figure 4.43: PDM Specific Power Comparison

Figure 4.44: PDM MOP Comparison
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CHAPTER 5

CONCLUSION AND FUTURE WORK

In this thesis, an allocation and compilation methodology is proposed to enable the modu-

larization of power electronic technology for use in modular naval distribution networks.

A use-case is employed on a power distribution module comprised of multiple no-load

DC disconnect switches to demonstrate the methodology’s applicability to all ontolog-

ical levels of a modular distribution network. First, the methodology is applied to the

power distribution module’s least replaceable units as a demonstration of the generic

process. Then the LRU building blocks are modularized into drawers with performance

metrics calculated as a function of distribution bus voltage from 5kV to 30kV. The calcu-

lated MOPs, power density and specific power specifically, suggest diminishing returns

on performance gains once a distribution bus voltage of 16kV is reached as insulation co-

ordination requirements begin to dominate space claim. This insight holds true as no-load

switch drawers are modularized into drawer compartments and the functionally defined

PDM. A connection compartment, accounting for interconnection requirements imposed

on the assembly when integrated into a distribution network, is added allowing for trans-

parency into the effect modularization has on performance metrics. A scalable metamodel

is produced from the methodology for use in the S3D’s LEAPS database. MOPs calculated

by the metamodel are compared for distribution bus voltages from 5kV to 30kV with the

insight that insulation coordination requirements imposed by bus voltages above 16kV

holds true at all ontological levels of the modularized technology.

Future work will involve integrating physics-based scaling laws for thermal, insula-

tion, and structural spatial allocations present in this methodology as fundamental re-

search matures. The incorporation of physics-based scaling laws will remove the inher-

ent conservativeness of standards-based allocations as employed in this use-case. Future
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work will also include applying this methodology to complete distribution powertrains

utilized in the IPS and NiPEC architectures. Further insights will be gained into equip-

ment modularization effects on system-level performance metrics as this methodology,

in conjunction with the VPP, produces optimal, scalable, metamodels for S3D. Additional

design variables, representing design choices, such as liquid cooling water temperature,

grounding scheme, and current selection will also be incorporated into future applica-

tions of this methodology.
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APPENDIX A

CLEARANCE AND CREEPAGE DISTANCE DETERMINATION FOR

FREQUENCIES GREATER THAN 30K KHZ
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Figure A.1: High Frequency Creepage Distances
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Figure A.2: High Frequency Clearance Distances
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