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ABSTRACT 

The following work establishes a process for model validation and its application to the 

study of grounding in DC shipboard power systems. The aim of the thesis is to create a general 

procedure detailing how to appropriately select physical experiments that validate the simulation 

model under use. The procedure presented can be applied to any physical system. In the work 

presented here, the procedure is implemented on a physical setup representational of a shipboard 

power system. This set up is used for the study of grounding. Grounding in the context used in 

this work refers to the intentional physical connection from the power carrying elements in the 

electrical system to the ship hull. Grounding practices are generally well understood for AC 

shipboard power system. However, the same cannot be said for MVDC systems. There is a 

growing interest in medium voltage DC systems to be implemented on shipboard power systems. 

This new type of distribution systems posse many unanswered questions. One of those questions 

is in regards to the selection of the grounding scheme.  

The selection of the grounding scheme for a MVDC system is a question of optimization 

once the designer has a good understanding of the key parameters found in the system. The key 

parameters in the systems are those that have a large impact on the system’s responses. This 

work provides the designer with a tool to assess the impact each of those parameters has on the 

responses of the system. These system responses can be labeled as metrics and are encapsulated 

under the two main objectives of shipboard power systems grounding: safety and continuity of 

service. Thus, the aim of this work, to establish a procedure, which regardless of the shipboard 

power system under study, can deliver a validated simulation model for the designer to optimize.  

The proposed procedure was applied to a representative physical set up of a shipboard 

power system. The physical model contains most of the requirements to understand to issues 

associated with DC shipboard grounding. Certain aspects of DC shipboard power systems have 

not been implemented in the physical model due to material constraints. However, the physical 

system still holds enough value to gain insight into what happens in a DC shipboard power 

system. In addition, the physical model has enough complexity to use as a test case for the 

application of the procedure proposed. The work presented herein focuses on the selection of 

physical experiments in order to validate the simulation model in a qualitative fashion. The 

process is presented and its major components are discussed. It is important to note that the 
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design process yields, as a byproduct, insight into the system under study. In the case presented 

here, in which the process is used with a focus in system grounding, a good explanation of rail to 

ground harmonics is obtained.  

In summary, the contributions of this work are twofold. The thesis provides a layout for 

obtaining confidence in the models being used for the system under study. In addition, this work 

establishes the important parameters in regards to grounding in DC shipboard power system 

based on the simplified model used. 
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1.�I�TRODUCTIO� 

1.1.�Motivation 

Model validation is the justification behind how well a simulation model represents a 

physical system. According to Oberkampft and Trucano [2], validation is the process of 

determining the degree to which a model is an accurate representation of the real world from the 

perspective of the intended uses of the model.  At its essence, quantitative model validation 

entails a comparison between two entities. Typically, this involves the physical system under 

study and the simulation model representing the system. A common pitfall in this process is to 

conclude model validity based on a qualitative assessment. To illustrate the point, a common 

practice is to overlay plots of the response of both the physical system and the simulation on top 

of each other and make a qualitative decision as to the agreement of the models. Using this 

method, there is no accountability of the uncertainty and errors of either the physical system or 

the simulation model, and no quantitative estimate of the agreement. A thorough quantitative 

model validation focuses on carefully inspecting all sources of errors and uncertainty.  

In [2], the authors provide a detailed analysis of quantitative model validation. The 

methodology presented relies on comparing response variables of the simulation model and the 

physical experiment evaluated at the same operating points. Furthermore, the authors propose to 

make use of validation metrics on the computation of errors and uncertainties on both the model 

and the physical system. 

The selection of physical experiments is a key component in the process of quantitative 

model validation. Presently, there is little guidance given on which operating points to select in 

order to compare the simulation model to the physical experiment. There is merit to selecting the 

physical experiments based on trends found in the simulation operating range. The selection of 

experimental runs needs to account for the global sensitivities associated with each output 

response. Studying the sensitivities in the simulation model helps uncover the trends found 

within the selected operating space. Any validation experiments conducted checks for the 

existence of those trends.  This paper provides a new methodology for the selection of operating 

points applicable for electrical system models. 

The work presented herein serves to demonstrate the application of a quantitative 

validation process to a very interesting problem in the field of electrical engineering. In recent 
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years, the United States Navy and shipbuilding community have indicated interest in medium 

voltage DC (MVDC) systems for shipboard power systems. This creates the need for a multitude 

of studies aiming to assess the feasibility of such systems. One of the prominent concerns is 

whether there will be a problem with system grounding. In support of addressing these concerns, 

this paper focuses on grounding of DC distribution power systems. Specifically, the focus in on 

determination of the governing parameters in a DC mid6point grounded system. 

A notional DC6distribution system is shown in Figure 1.1. The system consists of two 36 

MW main generators (MTG1, MTG2), and two 4 MW auxiliary generators (ATG1, ATG2), each 

connected through rectifiers to port and starboard longitudinal DC busses operating at 1 kV.  The 

primary loads on the system are two 36.5 MW propulsion motors interfaced to the system 

through bi6directional pulse width modulation motor drives.  
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Figure 1.1: Architecture of a notional MVDC shipboard power system [39] 

The selection of the grounding scheme of a shipboard power system has a large impact 

on many facets of operation. In order to answer the question of grounding one has to first gain 

insight into the system architecture. Another constraint regarding the selection of a grounding 

scheme for a shipboard power system using a DC distribution bus is determining the 

requirements of the grounding scheme. For example, one of the main questions that need an 

answer is whether the system designer wants to control the voltages to ground, or let the system 

architecture dictate them. In order to answer this question and other questions found on this 
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topic, this work proposes a model which paves the way for a better understanding of the voltages 

to ground and their relationship with the impedances to ground present in the system. Based on 

other work by [30], the best place to make a ground connection is in the DC bus. However, the 

elements contained on the topology of this grounding connection are another topic considered in 

this work. Besides the questions formulated above, this work will serves as a guideline in 

determining the necessary simulation components that need to be present when conducting 

grounding studies in a DC distribution system. In addition, the thesis establishes the relationship 

between the impedance of the grounding elements and the system responses, e.g. fault current, 

over voltages and power losses. 

A survey of the literature serves to answer some of these questions and it provides a good 

starting point for formulating better6defined questions. Consequently, the next section in this 

work familiarizes the reader to the areas of study that are instrumental to this work. They are 

quantitative model validation, power systems grounding and the design of experiments. 

1.2.�Literature Review 

1.2.1.� Model Validation 

Model validation is the justification behind how well a simulation model represents a 

physical system. According to Oberkampft and Trucano [2], validation is the process of 

determining the degree to which a model is an accurate representation of the real world from the 

perspective of the intended uses of the model.  At its essence, quantitative model validation 

entails a comparison between two structures. Typically, this involves the physical system under 

study and the simulation model representing such system. A common pitfall in this process is to 

mistake qualitative validation with quantitative validation. To illustrate the point, a qualitative 

model validation technique is to overlay plots of the response of both the physical system and the 

simulation on top of each other. Although simple and commonly practiced, this is one of the 

poorest methods to assure a simulation model is a good representation of the physical system. 

The reason for this being that there is no accountability of the uncertainty and errors of neither 

the physical system nor the simulation model. On the other hand, quantitative focuses on 

carefully inspecting all sources of errors and uncertainty.  

In order to gain trust in the behavior of a simulation model a validation process must 

characterize errors and uncertainty present on the system.  In [3], the authors establish a 
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framework for identifying errors and uncertainties found in computational simulations. They also 

formalize the necessary activities for conducting complex system modeling. Additionally, in 

order to identify errors and uncertainties within the established framework, both uncertainty and 

error are clearly defined. According to the authors, there are two types of uncertainties in a 

system: aleatory and epistemic uncertainties. The term aleatory uncertainty describes the inherent 

variation associated with the physical system or environment under consideration. This term is 

often called irreducible uncertainty, inherent uncertainty, variability and stochastic uncertainty.  

This type of uncertainty is associated to quantities that have an established range of values and 

vary according to some type of probability density function.  The term epistemic uncertainty is 

defined as a potential inaccuracy in any phase or activity of the modeling process that is due to 

lack of knowledge. A key feature of epistemic uncertainty is that its fundamental cause is 

incomplete information. According to [3], error refers to a recognizable inaccuracy in any phase 

or activity of modeling and simulation that is not due to lack of knowledge.  The authors further 

segregate the errors into two types: acknowledge and unacknowledged.  Acknowledge errors are 

those that are recognized by the analyst. Examples of this type of error are round6off errors, 

assumptions, and approximations. Unacknowledged errors are those inaccuracies not recognized 

by the analyst, but they are recognizable. Examples of these are coding mistakes and improper 

use of modeling components.  

Once the existence of errors and uncertainties is established, it is important to develop 

certain metrics that account for them throughout the validation process. In [4], the authors 

indentify the characteristics of these “validation metrics”. The authors establish six conceptual 

properties that a validation metric should satisfy. A brief summary of each of this point follows: 

1. A metric should either explicitly include an estimate of the numerical error from the 

computational model or exclude such error by a priori establishment of its magnitude 

being small.  

2. A metric should be a quantitative evaluation of predictive accuracy of the system 

response quantity that includes all modeling assumptions, approximations and previously 

obtained physical parameter found within the simulation model. 

3. A metric should include an estimate of the error from post processing of the experimental 

data to obtain the same response from the simulation model 

4. A metric should incorporate an estimate of the measurement error in the experimental 
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data. 

5. A metric should depend on the number of experimental measurement made of a given 

response of interest.  

6. A metric should exclude any indication, either explicit or implicit of the level of 

adequacy in agreement between computational and experimental results.  

After establishing the conceptual properties deemed necessary for a validation metric, the 

authors suggest to quantify epistemic uncertainties using confidence intervals. They also propose 

global metrics for situations where it is desirable to construct a more compact statement of the 

validation metric result. They use L1 (average error) norm and L infinity (maximum error) norm 

to achieve a quantitative measurement. The validation metrics are only measures of error for the 

mean response of the system.  They also mention the fact that relative error, problems when the 

response variable is close to zero.     

There are methods to account for errors commonly found in the validation process. For 

temporal and spatial discretization error, the analyst can use Richardson extrapolation [5].  This 

procedure allows for the approximation of the solution as the discrete time step approaches zero. 

In truth, this technique serves a dual purpose for in the process of model validation. First, the 

extrapolated values provide an accurate solution for the simulation. Secondly, these values are 

used in obtaining error estimates of the discrete solutions, which adds confidence to the model. 

Another type of computational errors is unacknowledged errors. This type of error involves 

overlooking a piece of code or missing a key component in the simulation model. Code 

redundancy and careful inspection of the simulation model are the best ways to mitigate this type 

of error. 

Although the methodologies proposed by Oberkampft and Trucano in [2] were developed 

with the aim of validating Computational Fluid Dynamics (CFD) models, the structure of the 

process outlined can be easily translated to other fields of study. For example, in [6] the authors 

discuss a model validation approach for a sheet metal flanging process. The goal of the work was 

to make accurate predictions in regards to the final geometry or springback of the metal sheet. 

The work presented is noteworthy in that it employs the use of meta6models for the calculation 

of uncertainties found throughout the flanging process. The authors also use different model 

validation techniques, a qualitative graphical comparison approach and two quantitative 

techniques, confidence intervals and r² values.  
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According to [7], the role of sensitivity analysis in the corroboration of models and its 

links to model structural and parametric uncertainty is clear. First, sensitivity analysis directly 

contributes to the definition of planned validation activities that culminate in the definition and 

application of validation experiments. Secondly, they stress the need to add sensitivities 

comparison between the simulation model and the physical experiments selected for model 

validation. A way to measure sensitivities for a simulation model is to use Sobol’ Indices. This 

method calculates the contribution each input parameter has on the response variable on the 

simulation model. According to Saltelli et al [8], it is recommended to use variance as a 

summary measure of uncertainty whenever the application allows it. There are many interesting 

features of variance6based methods. These include model independence, meaning the sensitivity 

measure can be carried out in any type of mode or meta model. Variance methods also offer the 

capacity to capture the influence of the full range of variation of each input factor. Finally, 

multiple numbers of inputs factors can be taken into account when using variance methods to 

determine the inputs sensitivities. However, a drawback of the variance6based methods is their 

computational cost.  

1.2.2.� Design of Experiments 

When conducting model validation, the amount of operating points selected for one6to6

one comparison is a key factor. Often the analyst conducting the validation exercise needs to 

select “interesting points” within the operating ranges of the physical set up that will be used for 

validation experiments. Clearly, some principles should guide or strengthen the logic of 

accepting a benchmark for the purposes of verification, validation and calibration. Trucano et al. 

identify such a set of principles for model validation [9]. According to the authors, one of the 

principles that can aid the selection of physical experiments is classical design of experiments 

(DOE).    

One of the goals of classical design of experiments is to obtain as much information as 

possible from an experiment while keeping the number of runs or experiments relatively small. 

At the same time, DOE provides a way to indentify and quantify strong input6output interactions 

found in the physical experiment. In terms of model validation, it provides the means to sample 

the physical experiment in an efficient, well6planned manner. At the same time, the selection of 

operating points according to the methodology outlined by DOE may allow the analyst to 

establish low order polynomials, which describe the input6output relationships.  
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Classical DOE can prove very valuable to model validation when the analyst knows 

before hand that a low order polynomial may offer a good fit for the data, the domain of study is 

small, or  few the of input parameters taken into consideration are truly important. Using DOE is 

a good decision when one or more of the conditions mentioned are present.    

1.2.3.� System Grounding 

The main purposes of system grounding are to control system voltages with respect to 

ground and regulate the magnitude of ground currents. There are many types of grounding 

schemes, each of them has its own characteristics and each fulfills the purposes of grounding to a 

lesser or greater extend. The different types of system grounding arise from the distinctiveness of 

the connection between power carrying conductors and ground. The two governing factors of 

system grounding are the magnitude of the impedance to ground, and the type of element used in 

the connection to ground. The magnitude of the element or elements that make the connection to 

ground varies from very low to very high, giving rise to multiple types of grounding along the 

way. The second governing factor is the nature of the element used when making the connection 

to ground. For example, a high impedance grounded system is coupled to ground by resistive 

elements of a large magnitude. The same system can be couple to ground by distributed parasitic 

capacitances along the conductors, in which case it remains a high impedance grounded system, 

also called an ungrounded system. However, both systems have unique behaviors in regards to 

the regulation of ground voltages and currents.  

Grounding is a well6understood phenomenon in AC distribution systems. There are many 

standards, articles and publications regarding the issue of grounding on AC systems. A table 

summarizing the most common grounding schemes as well as their performance in regards to 

system overvoltages and ground currents can be found in IEEE Std. 142 [11].  According to the 

same reference, the reason behind system grounding is to control the voltage with respect to 

earth, or ground, within predictable limits and to provide for a flow of current that will allow 

detection of an unwanted connection between systems conductors and ground. In other 

industries, e.g. marine power systems, other factors shape the selection of the grounding scheme. 

According to [16], ship grounding serves the purpose of reducing the potential for transient 

overvoltages, allows for continuity of service under single phase to ground fault conditions, and 

minimize the magnitude of ground fault currents flowing in the hull structures. Personnel and 

equipment safety is another factor that is taken into account when selecting an appropriate 
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grounding scheme as stated in [11], [12]  and [16].  

In land6based industries, high impedance grounded, 36phase systems have a great 

advantage over low impedance grounded and solidly grounded systems. High impedance 

systems can operate indefinitely with a ground fault on one phase, eliminating the need for 

immediate shutdown [19]. In these systems, small magnitude fault currents flow in the faulted 

network due to leakage (or grounding capacitance) and through a grounding resistor if one is 

present. The system leakage capacitance is distributed throughout the entire network. Although 

this capacitance appears as if it were a single capacitance, the charging currents flow in all 

branch circuits. Accumulated operating experience indicates that over voltages associated with 

ungrounded systems reduce the lifetime of insulation. These operations are limited to AC 

systems. Direct6current systems operation is not subjected to many of the over voltages hazard 

present in ac systems. Therefore, although ungrounded systems are a liability in regards to 

overvoltage in AC distribution system, they may be used in DC distribution systems [15].  

In AC systems, high resistance grounding is directly related to the magnitude of the 

charging currents observed when the system is ungrounded. According to [14], high resistance 

grounding of an electric power system is the grounding of the system neutral through a resistance 

which limits ground6fault current flow to a value equal to or slightly greater than the capacitive 

charging current of that system. The selected resistance value allows the lowest level of ground 

fault current flow at which system overvoltage can be effectively limited.  

In sea6based power system, the grounding connection is made to the hull of the platform 

or vessel. The criterion required when grounding this type of systems is outlined in [12] and [16]. 

Some of the requirements listed are that a shipboard power system must not endanger its crew 

and must have the ability to ride through in the case of a single phase to ground fault. In addition, 

in order to maintain safety, large overvoltages must be averted and the presence of stray currents 

on the system must be kept as low as possible. Shipboard power system conventionally operated 

as ungrounded systems. Although susceptible to over voltages, these types of systems allow the 

smallest amount of stray current. Even so, in [17] and [20] the authors advocate the use high 

resistance grounding for AC marine power systems. These systems offer the benefit of 

eliminating the concerns for transient overvoltages due to arcing faults [19], while maintaining 

the ability to ride6through a single phase to ground fault. 

Traditionally, shipboard power systems have used AC, and low voltage DC. An increase 
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in operating levels of power semiconductors has opened the door for the use of DC distribution 

system in industries typically ruled by AC. This is also the case in the marine power system, 

where using a MVDC bus is under consideration for the next generation military ships. The use 

of MVDC bus as the main distribution bus on a power systems creates a question of where to 

make the connection to ground on the system [17]. Conventionally, this connection has been 

made from the neutral point of the generator to the ground plane (ship hull), but in a MVDC 

system the connection can also be made from the DC distribution bus to the ground plane. This is 

accomplished by using impedances from each rail and making a connection to ground. The 

nature of these impedances can be capacitive or resistive, or a combination of both.  

According to Jacobson [17], there are many benefits to deliberate grounding. Providing a 

connection to ground  establishes a predictable operating point and minimizes voltage stress seen 

by the system elements. Another advantage under steady state conditions is that under transient 

fault conditions it may limit voltage excursions applied to insulation systems and connected 

equipment. Furthermore, taking into account that the majority of faults involve ground [13], 

having a connection to ground aids in detecting the location of the fault. Finally, Jacobson 

mentions that when grounding DC and mixed DC and AC power systems it is wise to use high 

frequency isolated converters. This approach is particularly beneficial to a system that is required 

to continuously function in the presence of a single ground fault. The reason is that ground fault 

currents are not transferred through system power transformers that are connected delta6wye, or 

delta6delta, which are embedded in the within the high frequency DC6DC converters. 

A typical DC distribution system has an AC source followed by a form of rectification, 

either passive or active. These systems are also characterized by having loads attached to the DC 

bus and some form of inverter that controls a motor load [23]. These systems also display neutral 

to ground voltages on the DC sides of the rectifier, typically oscillating with three times the 

system frequency as discussed in [17], [18], and [20]. These neutral to ground can have adverse 

effects on cable insulation and can pose a problem for gating circuits. In [18], Kun and Lee, offer 

different ways to mitigate the problem of the neutral to ground voltages. They categorized theses 

efforts to mitigate the voltages to ground into the alleviation method, and the tolerant method. 

The alleviation method entails installing EMI chokes to increase loop impedance, filtering and 

using soft6switching techniques to control 
dt
dV  . The tolerant method allows the EMI current but 

introduces more shielding layers in the motor. This can prove to be a costly endeavor. Another 
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method is the construction of new converter topologies to improve the neutral condition. It has 

been experience in physical systems that the neutral to ground voltages have provided enough 

problems to where loads attached to the distribution bus have not performed correctly [25]. In the 

work presented herein, quantitative model validation techniques will be use in a model that 

shows reflects the voltages to ground are highly dependent on the impedance to ground from 

both sides of the rectifier. As such, the magnitude of neutral to ground voltages can be controlled 

with the selection of the grounding scheme.  

1.3.�Thesis Statement 

In many fields of study, from social sciences to engineering, and from financial risk 

assessment to biology, simulation models are commonly used for various tasks. These tasks 

include optimization, system simplification, and prediction of operating points. Just as regularly, 

those models come under scrutiny from various sources. A common question asked is whether 

the simulation model was validated. This issue entails assessing the accuracy of the model 

representing the physical system.  

In [4], Oberkampft establishes certain metrics in order to provide quantitative model 

validation. One of the important steps in this process is the selection of physical experiments to 

compare to the simulation model. In the work presented herein, classical design of experiment 

techniques, i.e. fractional factorial and central composite design, aid the selection of the physical 

experiments needed for model validation. The approach presented also emphasizes using the 

simulation model to determine sensitivities of input parameters. By selecting operating points 

that test the global sensitivities of the physical model and applying quantitative metrics, model 

validation becomes more comprehensive. Using this approach, the work presented here validates 

a representative DC distribution system model suitable for grounding studies. The topic of 

grounding a DC distribution system, e.g. a DC shipboard power system, is an area of study filled 

with questions. In summary, the contributions of this work are twofold. Firstly, the thesis gives 

guidance into the selection of physical experiments for model validation. Secondly, this work 

outlines the important parameters in regards to grounding in DC distribution systems by 

interpreting the results acquired from validating the model of a simplified physical system. 

The following four chapters will go into the details of obtaining a validated model for the 

representative system. Chapter 2 establishes the design process for model validation using 
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information gathered through literature and emphasizes the selection of physical experiments 

within the validation process. Chapter 3 presents the issues associated with grounding in a DC 

distribution systems and how to model them. This chapter also gives a description of the physical 

system used for model validation. Chapter 4 entails the application of the proposed validation 

process to the representative physical model and its simulation model.  Finally, a discussion and 

a conclusion will be presented on chapter five. This chapter will also provide an outlook for 

future work. 
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2.�VALIDATIO� PROCESS 

2.1.�Methodology 

Figure 2.1 illustrates the proposed methodology for model validation as a flow chart. The 

process of model validation entails the selection of operating points, uncertainty and error 

quantification, different tiers of comparison evaluated by means of validation metrics and finally 

the analysis of the model’s validity. Although logically, the validation process starts with the 

selection of operating points, this is not how the process occurs in reality. The analyst usually has 

access to the simulation model and the physical system before deciding on which experiments 

are suitable for model validation. In this work, the selection of physical experiments used for 

validation is based on the use of the simulation model in conjunction with techniques from the 

design of experiments and computer experiments. 
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Figure 2.1: Flow chart for model validation 



13 

 

Figure 2.1 shows the top6level aspect of the steps necessary in determining valuable 

operating points. The steps shown are factor screening, classical design of experiments (DOE), 

computer experiments, model predictive capability and the use of a phenomena identification 

and ranking table (PIRT). In [9], the authors state the role of PIRT within the validation process, 

which is to “facilitate the collection and aggregation of information that is required to define and 

prioritize experimental validation activities”. In the figure shown, the starting point for the 

procedure is either at the simulation or at the physical system. The arrows shown between these 

two points of the validation process translate to the close interaction between simulation model 

and experimental setup at the beginning of the procedure. A good example of this interaction is 

the use of experimental data for calibration of the simulation model [27].  

The validation process can begin once the analyst determines a suitable simulation model 

representative of the physical set up under study. The first step to obtaining the operating points 

required for validation is to reduce the number of input parameters taken under consideration. 

This can be achieved through a factor screening process, the details of which are discussed in 

subsection 0. This step is often necessary if a large number of parameters are present, and can be 

beneficial in general to eliminate from consideration parameters that are generally non6

influential. 

After doing a factor screening, the next step in the process shown is to use both a 

classical DOE approach and computer experiments to obtain physical operating points that are 

conducive to fitting lower order polynomials.  The goal is to use meta6models from the computer 

experiments to aid in the development of classical DOE. Afterwards the selection of physical 

experiments comes directly from the experimental runs used in DOE or supplemented by 

utilizing a PIRT. Each of the components that lead to the selection of the physical experiments 

will be discussed in the following sections. However, the focus is to arrive at these operating 

points with a classical design of experiments approach and without support from a PIRT.  

2.1.1.� Factor Screening 

Factor screening is a methodology used to reduce the number of input parameters 

associated with a simulation model. Some benefits of factor screening are elimination of 

irrelevant inputs and simplifications of parts of a simulation model. In the context of model 

validation, factor screening aids the design of physical experiments and their corresponding 

simulation model by discerning the most important inputs in regards to their effect on the output 
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responses. Several screening designs have been proposed in the literature, for a review; see 

Saltelli et al. [26]. The method developed by Morris [28] applies to most situations. For the work 

presented herein, total number of inputs parameters did not merit the use of a factor screening 

method.  

2.1.2.� Classical Design of Experiment (DOE) 

Classical design of experiments is ideally suited for characterizing physical systems with 

a small number of experimental runs. Common experimental designs found within this domain 

are latin squares, full factorial designs, fractional factorials design and central composite designs. 

These designs provide the necessary number of points to fit low order polynomial models. 

Another advantage of these types of designs is that an analysis of variance is easy to accomplish 

from the fitted model. Additionally, by eliminating insignificant input parameters, the designs 

can be “projected down” into lower dimensions of a hypercube. In doing so, the analyst gains the 

ability to calculate higher order interactions and an estimate of pure error [10]. On the other 

hand, typical designs of experiments may not be well suited for handling complicated 

relationships between inputs and outputs.  

For the case in which a polynomial model does approximate the relationships between 

inputs and an output response, model validation exists on more than one stage. That is, besides 

comparing operating points between the simulation model and the physical experiment, the 

trends of both systems are available for contrast. 

Fractional Factorial Design 

A full factorial design of k input parameters could have s levels. However, “because of 

the explosive growth of the quantity ks , two levels are typically used for a full fractional factorial 

design, except when k is very small.” [29] Although full factorial design are worth while because 

they test for input factor interaction, a small number of inputs, even at two levels leads to a large 

number of experiments. A strategy to follow is taking fractions of full factorial experiments and 

using those to characterize the design space. According to pg. 178 in [10], a k2  fractional 

factorial design containing pk−2 runs is called a p21  fraction of the k2  design, or more simply, 

a pk−2  fractional factorial design.  

The goal of fractional factorial designs is to alias main effects with higher order 

interactions. Typically, the designer can ignore three and higher terms interactions. The 
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resolution of a plan is developed to classify factorial designs in accordance to the types of 

aliasing relationships. According to Myers in [10], the definition behind Resolution III, 

Resolution IV, and Resolution V designs are given. Resolution III designs are those, in which no 

main effects are aliased with any other main effects, but main effects are aliased with two6factor 

interactions and two6factor interactions may be aliased with each other. Resolution IV designs are 

designs in which no main effects are aliased with any other main effects, or with any two6factor 

interaction, but two6factor interactions are aliased with each other. A Resolution V design is a 

design in which no main effects or two6factor interaction is aliased with any other main effect or 

two6factor interaction, but two6factor interactions are aliased with three6factor interactions. 

Fractional factorial designs allow the analyst to investigate first order models and first 

order models with interactions. In order to fit a second order polynomial, additional runs are 

necessary. Central composite designs (CCD) are simple designs that can be built up from 2
k
 

factorials.  

Central Composite Design 

For k factors, the central composite design consists of a k2  factorial or fractional factorial 

augmented by 2k axial points and some m center points. Central composite design typically 

consists of a Resolution V design plus the axial runs and center point runs. This is because for 

second6order polynomial models, two6factor interactions must be estimable.  

2.1.3.� Computer Experiments 

In the validation process advocated in Figure 2.1, obtaining a meta6model through design 

of computer experiments is a key component of the procedure. Meta6models offer the ability to 

conduct computational intensive analyses on the simulation model. Some of the inspections that 

are available for meta6model and that would otherwise be too expensive to run in a simulation 

model are uncertainty analysis and sensitivity analysis.   

The process of creating a meta6 model appears in Figure 2.2. A first step to obtaining a 

meta6model is finding a representative sample of the operating space. This is typically 

accomplished through random sampling, latin hypercube sampling or uniform sampling. The 

simulation model is evaluated at the selected operating points and response variables are 

calculated. A meta6model is built based on the relationship between an output response and the 

inputs. A cross6validation is carried out in order to verify the predictive capability of the meta6
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model when compared with the real simulation model. Types of meta6models include Multi6

Adaptive Regression Splines [35], Gaussian Process Models, Neural Networks and others. In 

[30], meta6models are used to analyze different grounding schemes in DC shipboard power 

system. Alternatively, a meta6model can be obtained using adaptive sampling techniques. This 

methodology reduces the number of samples necessary to obtain a good estimation of the 

simulation model. This is represented by a feedback arrow in Figure 2.2.  

Gaussian Process, MARS, 

ANN

Cross validation

Sampling: Random, LHS, 

uniform

Metamodel
 

Figure 2.2: Procedure for obtaining a meta6model 

2.1.4.� Sensitivity and Uncertainty Analysis 

As mentioned before, obtaining meta6models enables the designer to explore the original 

simulation model in an extensive manner. In this study, the calculation of uncertainty and the 

total sensitivities indices are possible with meta6models. These calculations aid in the selection 

of experiments for validation purposes.  

By obtaining a meta6model, the user efficiently uses the available runs of the simulation 

model in order to analyze the computational model. These meta6models are faster to compute 

than the original simulation model and therefore lend themselves to the calculation of statistical 

measurements that require a large number of runs.  

Uncertainty analysis is conducted through the collection of a Monte Carlo sample of 

10 000 points. These points reveal the probability density function of the response variable under 

study, and illustrate the mean and variance of the response.  

Additionally, Sobol sensitivity indices [31] are calculated. Through a general functional 

decomposition of variance, the Sobol indices provide a measure of the response variables’ 
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sensitivity to the input parameters. Thus, the Sobol indices are able to determine the most 

influential input. There are other global sensitivities techniques, Fourier Amplitude sensitivity 

test (FAST) and correlation ratio. 

2.2.�Selection of Physical Experiments 

The bulk of the work presented here is devoted to establishing a methodology for the 

selection of physical experiments. So far, a review of the basic tools necessary to conduct 

classical design of experiments and computer experiments were discussed. Both types of designs 

show some means of approximating the relationship between inputs and output responses. 

However, they defer in their ability to properly describe some simulation models. Design of 

experiments is useful for real experiments because it can provide the designer with different 

statistical tools while using a small number of experimental runs. On the other hand it suffers 

from the inability do model higher order polynomials and non6linear relationships. When 

discussing computer experiment, most input and output relationships of a simulation model can 

be approximated by the use of different types of meta6model. These meta6models are also useful 

in calculating certain statistical measurements, e.g. global sensitivities and uncertainties.  Yet, 

the amount of simulation necessary to properly explore the parameter space is typically too large 

to implement in a physical system. Some space filling necessity can be avoided by using 

adaptive sampling techniques which they to reduce the variance on meta6model in comparison to 

the simulation model. Although this help in the building a better meta6model, it does not aid in 

the selection of important experiments. Lastly, it is important to note that the selection of 

physical experiments can always be supported by the construction of PIRT or a similar 

procedure. In summary the thesis does not provide a key to the selection of experiment under all 

type of simulation model, but what it does provide is a series of questions which can serve to 

guide the selection of physical experiment under the right circumstances. In essence, the question 

in our hands is a typical engineering tradeoff study.   
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Since the simulation models under scrutiny can vary in complexity and computational 

cost, it is better to sort through them and utilize the proposed approach only when the optimal 

conditions have been met. Figure 2.3 starts from the point of the simulation model. In order to 

determine which of the input parameters play an important role on the selected response a factor 

screening process takes place. This may lead to simplification of both the simulation mode and 

the physical experiment, so it is good practice to run factor screenings. After the number of 
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Figure 2.3: Flow chart for selection of physical experiments 
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parameters has been diminished and the selected range for these inputs has been determined, it is 

worthwhile to weight the computational cost of the experiment. The computational cost of each 

simulation run depends on a variety of factors. It is up to the analyst to decide in which category 

between the low end of the spectrum and the high end of the spectrum the simulation model 

belongs too. In the figure the connection between these categories and the cost are represented 

dotted arrows because the cost is discretionary.  However, the overall procedure of model 

validation and in particular of the selection of experiments requires the use of meta6model for 

further statistical analysis. The next step in the process is to conduct the necessary statistical 

computations in order to determine input global sensitivities and to obtain an idea of the mean 

and variance of the responses. After analyzing the information, the analyst must ask the question 

of whether some of the relationships may be approximated by low6order polynomials. The 

analyst addresses this question by applying the CCD design onto the simulation model. If the fit 

to the response variables obtained is desirable then the design is applied to the physical system. 

Otherwise, constructing a PIRT serves as the primary method for the selection of experiments, as 

well as the information gathered from the model by meta6model construction, sensitivity and 

uncertainty analysis.  

When conducting a physical experiment, the resolution of such experiments shall be no 

less than IV. These selections will guarantee that no main effects are aliased with each other and 

that no main effects are aliased with two factor interactions. In addition, if it is deemed to 

attempt a second order polynomial fit, three factors can be used to construct such experiment. 

The initial experiment will only have to be augmented for the axial runs of the three parameters 

and some center runs. The polynomial model should be verified and an analysis of variance 

should be conducted on this model.  

After the selection of the physical experiment the process of validation can continue. It is 

comparison between the physical systems at the selected operated points and the simulation 

model at the same points. In the case that a low order polynomial was fitted using the simulation, 

these experiments can be carried in the lab. The comparison between the inputs used for the 

projected down central composite design the same inputs obtained from the simulation. Both the 

physical experiment and the simulation model allow an analysis of variance. The degree of 

agreement between physical experiment sensitivity data and simulation data further add to the 

credibility associated with the validation process.  
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2.3.�Tiers of Validation 

When discussing quantitative model validation, multiple tiers of comparison are present. 

The levels emanate from the simulation model and the physical system (Figure 2.4). These levels 

depend on how well the errors and uncertainties found within the operating space are 

characterized. The first level entails the comparison of one to one operating points between the 

simulation model and the physical system. The second level deals with comparing the means of 

linear regression models of the experimental data against the simulation model, or possibly a 

meta6model derived from the simulation model. Finally, the third level derives probability 

densities for both the experimental domain and the simulation model and compares them. 
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Figure 2.4: Tiers of validation within the sequence of steps proposed 
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2.4.�Validation Metrics 

2.4.1.� Validation metric for single point comparison 

A convenient method to compute a global metric would be to use a vector norm of the 

estimated error over the range of the input variable. The L1 norm is useful to interpret the 

estimated average absolute error or a relative absolute error over the range of data. In the work 

presented in [4], the author selection uses relative absolute error by normalizing the absolute 

error by the estimated experimental and then integrating over the range of the data. Their 

definition of the average relative error metric is: 

Where xu is the largest value and xl is the smallest value, respectively, of the input 

variable. As long as ỹe is not near zero, the average relative error metric is a useful quantity. 

However, since we are using a discrete number of experiments, a discrete version of the equation 

above needs to apply.  

Besides an average error, it is always useful to calculate the maximum error when 

comparing the simulation and the experimental operating points. Mathematically, this can be 

expressed as: 

2.4.2.� Validation metric over the range of data 

It is important to develop a validation metric that can be used for comparison throughout 
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the operating space. By obtaining regression models from both the physical experiments and the 

simulation model, it is straightforward to test as many operating points as desired. Taking into 

account that it a prediction interval can be easily calculated from a fitted polynomial model 

according to literature [cite one of the RSM books], it is possible to make prediction with certain 

bounds. The percent confidence on these bounds determines how big the range of the bounds is. 

Subsequently, the range of the prediction bounds is also dependant on how well the fit to the data 

is.  

Assuming that a polynomial with good predictive capability is obtained from the physical 

experiment, and that the surrogate model established from the simulation is a good representation 

of the input/output interactions, then a metric can be developed that further evaluates the 

agreement or disagreement between the physical system and the simulation model. The metric 

consists of increasing the prediction intervals from a small percentage to a large percentage and 

obtaining a prediction range for the output of the polynomial model. Afterwards, the meta6model 

obtained from the simulation is used at the same operating points that the polynomial was 

exercised. The proportion of the predictions from the meta6model that lie within the range of the 

predictions from the polynomial model as compared to the total number of operating points is 

computed. The resulting number is kept, and the process is repeated for the next level of 

confidence in the prediction from the polynomial model. Ideally, the plot should follow a y=x 

plot. This means that if the polynomial is used to determine the 50% prediction interval, then 

50% of the prediction from the meta6model from the simulation should fall within the range. 

2.5.�Summary 

A methodology for model validation is proposed which hinges on the use of Design of 

Experiments and Computer Experiments to aid the selection of physical experiments required. 

Using this approach the analyst is able to move beyond the first tier of model validation, one6to6

one comparison, and obtain regression model from the physical system, which can enhance the 

comparison. The process also takes into account of error assessment and uncertainty 

quantification in both the simulation model and the physical experiment.  
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3.�A�ALYSIS OF DC GROU�DI�G ISSUES 

Model development takes place for many reasons such as simplification, hardware 

protection, and to save resources. Across most fields of studies, model creation occurs in a 

similar manner [37].  A particular goal is set, and the modeler is set out to meet this expectation. 

Typically, the individual composing the model goes through multiple steps before arriving at a 

suitable model for a particular problem. First, a model comes attached with a question or a 

number of questions, which it aims to answer in the best possible manner. All models are bound 

to the question: what is the purpose behind it? The question or questions the model aims to 

answer will shape its construction. A typical example in electrical engineering is the 

development of models for transient analysis. When using a model for transient analysis, the 

main components must account for high frequency phenomena. Other factors also govern a 

model’s origin, for example, established literature and opinions of the experts in the field in 

which the model is valid.  

One of the main objectives of this work is to develop a model that features the most 

important parameters for the study of grounding in DC distribution systems. The model is also 

used to show different trade6offs associated with DC distribution systems.  

3.1.�Simplified DC distribution System 

From a system grounding perspective, certain elements found on the notional system 

shown in Chapter 1 (Figure 1.1) are not relevant. The system needs augmentation in some areas, 

and it needs reduction in others. Since the primary concern is to model the connection to ground, 

typically done at the distribution level, all loads attached to the distribution bus except the motor 

loads are eliminated. Subsequently, all generation can be lumped into a single component, which 

represents the total generation available in the system. 

After making these simplifications, it is possible to better analyze the distribution 

architecture of the system. The simplified system is shown in Figure 3.1. It is important to 

mention that the system topology reduces to a common component found within the power 

system community: a drive system. In particular, it is important to analyze the problems found in 

drive systems in regards to grounding. However, the dynamics of a system similar to the one in 
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shown in Figure 3.1 will not be the same as those found within a drive. One of the reasons for 

this is the presence of distribution cables on the DC bus. Another difference between the 

topology shown and typical drive is that there will be multiple loads attached to the DC bus.  
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Figure 3.1: Simplified DC distribution system 

In Figure 3.1, if a single phase to ground fault occurs at the DC bus, a transient 

phenomenon will take place. This transient event is more pronounced in systems that have a 

large DC bus inductance, e.g. systems that contain long distribution cable. This type of system is 

the one depicted on Figure 1.1. It was shown by [30] that the overvoltages were strongly 

dependant on a few key parameters found throughout the system shown the figure. This model 

also takes into account the presence of distribution cables at the input to the rectifier. The model 

shows switches SA, SB, and SC, which allow for different grounding configurations depending on 

their state. Four yellow zigzag lines show possible locations where single line to ground fault can 

occur [17]. Operation under fault 1 in the figure is allowable in order to keep mission critical 

loads running; however, a voltage offset will occur in the DC bus. In addition, if the system 

continues operation under a faulted condition there is a risk of producing a phase6to6phase faults 

if the opposite rail faults, in other words, a full short circuit. 

Besides the problem with the over voltages and the escalation of the issue when more 

inductance is added to the DC bus in the form of longer distribution cable, there are other 

important problems. These issues include the exposition of the insulation of the cable to twice 

the rated voltage and presence of harmonic frequencies in the voltages to ground. These voltage 

stresses can cause problems both in the insulation of the DC bus cables and gating of circuits 

attached to the DC bus. All these problems relate to the grounding scheme of the system. 
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3.2.�Problems Associated to Grounding 

3.2.1.� Voltage Offsets 

When discussing voltage offsets that occur in the systems associated with Figure 3.1, it is 

best to understand what triggers these types of events. The driving force behind this phenomenon 

is the occurrence of a single line to ground fault. In the case of systems like the one under 

discussion, theses faults are high impedance faults. Typically, these systems are ungrounded, and 

therefore the impedance arises from the distributed capacitance in the system, or the systems are 

high impedance grounded. As the potential of the rail at which the fault occurred is set to zero, 

the potential of the other rail increases to twice the voltage present before the fault. This 

phenomenon possesses both transient and steady state implications as illustrated in Figure 3.2. 
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Figure 3.2: Transient phenomena and system offset [30] 

A ground fault causes transient excitation of both DC bus conductors with respect to 

ground. During such a transient, the aggregate bus6to6ground capacitance and the combined 

common mode bus inductance may produce under6damped oscillatory over6voltages with respect 

to ground. This time domain waveform was captured with the system grounded through a 

derived midpoint. This refers to the fact that switches SB and SC were closed, while SA was open 

in Figure 3.1. As it can be seen, the rail voltages were balanced before the fault occurred. After 
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the fault occurs, the grounded rail assumed a voltage reference point of zero, while the other rail 

goes up to line6to6line voltage. Taking into account that the cables of these types of system will 

have specific values of capacitance and inductance it will be wise to analyze such systems with 

very accurate cable models if the transient response of the systems is of importance. Properly 

accounting for inductance and capacitance values found in the system will give the analyst a 

better idea of the magnitude of the peak voltages. 

3.2.2.� Harmonic Distortion 

A physical testbed exists at Purdue University [22]. A single6line diagram of the testbed 

is shown in Figure 3.3. Primary AC power is obtained from a wound6rotor synchronous 

generator (SG1) connected to a passive rectifier (R1).  A second source is a permanent magnet 

synchronous generator (SG2) connected to an active rectifier (R2). These two sources provide 

power to a 750 V bus. The primary loads include a propulsion drive, which consists of a 

propulsion power converter driving an induction motor and load emulator. In addition, a pulsed6

power emulator (PPL) is tied to the 750 V bus. Other loads on the system include a DC zonal 

distribution system that is obtained from the DC bus through a bi6directional dc6dc converter 

(PS), which converts 750 V, to 500 V for the zonal system.  

 

 
Figure 3.3: One line diagram of Purdue testbed 
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As shown in Figure 3.4, the output of the SG61/R1 contains a combination of passive 

filters used to reduce the rail6rail harmonics caused by rectification. The rectifier is composed of 

thyristors with firing angle set at zero, effectively behaving life diode rectifiers. Also shown is a 

potential grounding scheme in which a portion of the output filter capacitor is partitioned and 

resistors are placed in parallel with the capacitors. The center point is then attached to building 

ground. The resistors shown in Figure 3.4 were chosen based upon availability without 

significant consideration of optimizing their value.  

When the resistors and center point connection shown in Figure 3.4 are removed in 

system is ungrounded. It was found that when an ungrounded configuration was used, (PPL in 

Figure 3.3) stopped working.  Investigation of the problem led to finding that harmonics on the 

rail6ground voltage were triggering an IGBT used in the PPL charge circuit. Time6domain 

waveforms of the upper rail6ground voltage are shown in Figure 3.5. The waveforms were 

measured with the propulsion drive operating at full load.  

When the PPL was not working properly, the voltages to ground had a third harmonic 

component associated with it. It is clear that this was causing the problems with the pulsed power 

load. Evaluations of the harmonic content of the ungrounded rail6ground voltage shows a 

significant component at 180 Hz, which corresponds to three times the input fundamental 

frequency.  In available literature on grounding schemes for mixed AC/DC systems, this so6

called triplen frequency is often cited [17], [18], [20], [23], [24].  

 
Figure 3.4: GS1 and R1 Overview 
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3.2.3.� Analytical Model for 3
rd

 Harmonics 

In certain 3 phase systems that employ a diode rectifier, the voltage to ground displays a 

fundamental frequency of the third harmonic of the system frequency. It is important to 

understand the impact of this voltage in the insulation of the system, especially the cables on the 

DC side. A better understanding of the development of the voltages to ground will aid in 

reducing the amplitude of the 3rd harmonics. 

The typical system under study can be seen on Figure 3.6. This figure shows a 3 phase 

AC voltage source followed by a series inductance, representing a generator. The figure also 

shows a rectifier that produces a DC voltage. The DC load is a resistor. However, in other cases 

this can be an inverter, feeding an AC load. The figure also shows the connections to ground of 

this system. These impedances may represent different paths to ground found throughout the 

system. For example, the neutral impedance to ground (Z2) represents a portion of the 

generator’s capacitance to ground. Also, the phase to ground impedance ZAC represents the 

distributed capacitance to ground for the connections between the generator and the rectifier, as 

well as a portion of the winding capacitance of the generator. Finally, ZB represents the 

impedance to ground of each to rail on the DC side. All of impedances will taken into account 

when deriving the voltages to ground as observed from rail to ground on the DC side of the 

rectifier, i.e. VXG and VYG.  

In the interest of finding out the voltages to ground, it is prudent to make some 

simplifications and some assumptions when analyzing the system found in Figure 3.6. The DC 

side parallel combination of the capacitance and the resistive load can be replaced for a constant 

DC voltage source, which is true as CDC → ∞. Also the voltage source followed by the series 

 
Figure 3.5: Voltage waveform at full load 
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inductance LS is said to be a current source, which holds as LS increases in value. Finally, the 

impedances ZAC, and ZB are assumed to be resistors of the same magnitude value, R. Note that, 

Z2 does not play a role, as the current source is assumed to produce balanced, three phase 

sinusoidal current. This means the current flowing at the neutral point of the current source is 

zero, and therefore there is no impedance to ground from the neutral point. Figure 3.6 can be re6

drawn under all these assumptions and simplifications; the result is illustrated in Figure 3.7. By 

having current sources as the input to the rectifier, the rectifier operates in Mode II from [32]. 

Under this mode of operation, the rectifier has a commutation angle of 60 degrees, ensuring that 

three devices will always conduct.  

 By having three diodes always conducting, the simplified system will operate under two 

different conditions in regards to impedance to ground configuration. Condition number one 

occurs when two diodes on the top the rectifier are conducting and one diode on the bottom is 

conducting. The circuit topology for condition number one is illustrated in Figure 3.8. Condition 

number two occurs when one diode on the top of the rectifier is conducting, while two diodes on 

the bottom of the rectifier are conducting. The circuit topology for this operating point is 

illustrated in Figure 3.9.  
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Figure 3.6: Representation of a typical generator / diode rectifier system. 
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In Figure 3.8, two diagrams of the same circuit are shown. The diagram on the left still 

contains the current sources, which as it was mentioned before are balanced and sinusoidal. In 

addition, the impedances from each phase to ground (ZAC) are colored red in order to distinguish 

them from the impedances to ground on the DC side (ZB). The impedances to ground on the DC 

side are colored in blue. Figure 3.8, to go from the left circuit diagram to the right diagram, we 

take into consideration that the current are balanced, therefore their summation is zero. The 

contributions of the currents to the voltages from x and y to ground is zero. This assumption 

makes the circuit shown on the right side of Figure 3.8 valid. From this simplified circuit the 

voltages to ground (VXG) can be solved in different ways. One method involves calculating the 

current flowing in this circuit as a function of the DC link voltage (VDC). Assuming all the 

resistances to ground have a value R, the current is given by  

32
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Eq. 3.1   

Using Eq. 3.1, the voltage from x to ground is given by Eq. 3.2. 
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Figure 3.7: System with assumptions and simplifications shown 
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Figure 3.9 illustrates the second operating condition of the system shown in Figure 3.7. In 

this case, there are two diodes conducting on the bottom part of the rectifier, while there is only 

one diode conducting on the top. Again, it is assumed that the contributions of the balanced, 

sinusoidal, current source will have no impact on the determination of the voltages to ground. 

Based on this assumption the circuit is simplified to the diagram shown on the right of 

Figure 3.9. Notice that the only difference between this diagram and the one shown in Figure 3.8 

is the number of resistors on the top, and on the bottom. In a sense, one of the resistors that used 

to be connected on top is now connected on the bottom. The current can be solved for and is 

given by Eq. 3.1. However the voltage from point x to ground is given by Eq. 3.3. 

DCxg V
R

IV
5

3

2
* ==  Eq. 3.3   

Another method of calculating VXG is to use voltage division in Figure 3.8 and Figure 3.9. 

The solutions for VXG are given by Eq. 3.4 and Eq. 3.5, where RAC is represented as red and RB is 

represented as blue in Figure 3.8 and Figure 3.9. 
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Assuming that in Eq. 3.4 and Eq. 3.5 all resistances have the same value, these two equations 

simplify to the solutions obtained in Eq. 3.2and Eq. 3.3. 
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Figure 3.8: Circuit topology for two diode conducting on top and one diode conducting on the 

bottom 
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Varying RB 

It is important to note that in Eq. 3.4 and Eq. 3.5, as the balancing resistor approaches an 

infinitely large value (RB → ∞); the maximum voltages to ground are given by Eq. 3.6 and Eq. 

3.7. 
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2

1
 Eq. 3.7   

Assuming all the connections to ground, in Figure 3.7, are resistive, and that RB → ∞, 

the voltages to ground will change between the two operating values given by Eq. 3.6 and Eq. 

3.7. This change in magnitude occurs six times during one cycle of the input current waveform.  

As the number of diodes conducting on the top of the rectifier seen in Figure 3.7 alternates from 

two to one and back to two every 60 degrees, so does the magnitude of the voltage to ground. 

The resulting waveform will look similar to Figure 3.10. Again, this waveform is the result of 

assuming RB very large in respect to RAC. In Figure 3.10, time is given in respect to the frequency 

of the AC current sources. The time axis (x6axis) is divided into six intervals because the 

conduction configuration of the diodes changes every 60 degrees. The magnitude of the 

waveform is known during all six intervals of time. Taking into consideration that the magnitude 

has been established and the time intervals are known, the voltage to ground takes on the form of 

the waveform shown in the figure. The frequency of the waveform can be calculated in respect to 
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Figure 3.9: Circuit topology for one diode conducting on top and two diodes conducting on the 

bottom 
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the frequency of the AC current and it is shown in the figure to be 3f. In this manner, the voltage 

to ground, dependent on time, VXG(t), behaves like the top waveform in Figure 3.10, with a 

frequency of three times the frequency of the source. The waveform is centered at half of ½ VDC.  

The other waveform shown in the figure is VYG, and it is shown to be centered at −½ VDC. The 

magnitude between these two voltages will always be VDC. Therefore, VYG(t) will have the same 

shape as and frequency as VXG(t). Finally, the change between the two operating points of VXG, 

(∆V), is shown to be (1/3) VDC in Figure 3.10. This result can be obtained subtracting Eq. 3.6 

from Eq. 3.7. 

 

fwave = 1 / [1/(2f) – 1/(6f)] = 1 / [1 / (3f)] = 3f

∆V = (1/3) VDC
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Figure 3.10: Plot of the waveforms from x and y to ground 

Introducing a grounding resistor  

In Figure 3.7, RB represents balancing resistors, which influences the magnitude of VXG. 

However, it has to be mentioned that RB also acts a load from rail to rail, and as such is always 

dissipating power. In order to prevent large power losses as the magnitude of the impedance to 

ground is reduced, another element can be inserted between the midpoint and ground. The new 

circuit topology can be seen in Figure 3.11.  
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Figure 3.11: Circuit showing the addition of another grounding element from on the DC side of 

the system. 

From Figure 3.11 it can be seen that VXG now depends on both the value of RG and the 

value of RB. Just as before, there will be two different values for the voltage to ground. The two 

different values arise due to the two different states in which the diode rectifier can operate. A 

simplified circuit is shown in Figure 3.12 and can be solved for the currents using mesh analysis.  
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Figure 3.12: Simplified circuit corresponding to Figure 3.11 

The solution for each current can be expressed in terms of VDC and the resistances found 

in the circuit shown in Figure 3.12 using Kirchhoffs’s Voltage Law. Using the solution for the 

currents, the voltages with respect to ground from point x to point g when two top diodes are 

conducting is given by Eq. 3.8. 

GBxg RIIRIIV )()( 2121 −+−=  Eq. 3.8   
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Discussion on the ideal source model 

The voltages to ground have been established using the model shown in Figure 3.7. The 

assumptions and simplifications were made to have simple model in which the voltages to 

ground were easy to understand. In practice, diode rectifiers do not usually operate in the mode 

for which the voltages to ground were derived. The mode for which the voltages were derived 

would be true if the line inductances, LS, are large. Moreover, it is important to prove that the 

same analysis holds true for other conduction modes of the diode rectifier. To this end, the 

current sources have been replaced by voltage sources followed by inductances. The voltage 

sources are assumed balanced sinusoids that are displaced 120 degrees from each other. 

According to the model shown in Figure 3.7, the conduction angle was fixed at 60 degrees. This 

guarantees that there is always three diode conducting. However, when using the model shown in 

Figure 3.6, three diodes will be conducting only during an interval of time determined by the 

magnitude of the inductance show in the system, LS. This conduction mode is described in [32] 

as Mode I.  

The voltage to ground waveforms described in the prior section play an important role in 

DC distribution systems. Although the waveform discussed always have fundamental component 

that is three times the magnitude of the source frequency, the shape of the waveform changes 

depending on a few factors. Figure 3.13 shows the dependency of the voltages to ground on two 

of these factors. The figure shows a collection of 16 plots, which have different values of DC 

link capacitance and line inductance. In the figure, the capacitance increases from top to bottom 

and the inductance increases from left to right. If the top right most plot is observed carefully, the 

shape of the voltages to ground closely resemble the derived voltages to ground based on 

Figure 3.7. This is to be expected, as this operating point closely resembles the operating point 

selected to derive the voltages to ground. At this point, the combination of the voltage source and 

large inductance makes it appears as if there is a current source, which was the assumption made 

in the derivation. Likewise, a large value of DC link capacitance means the DC side appears as a 

DC voltage source. 
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3.3.�Summary 

This chapter introduced a model of a simplified version of a DC distribution system. The 

chapter also served to present the typical problems encountered with the type of systems and 

their relation ship to grounding. Also found in the chapter was the derivation of an analytical 

model that describes the relationship between the voltages to ground and the impedance to 

ground in the system.  
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Figure 3.13: DC voltage and voltages to ground as a function DC link capacitance and line 

inductance   
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4.�VALIDATI�G A GROU�DI�G MODEL 

In order to apply the validation methodology discussed in this work, it is important to 

identify a physical set6up that illustrates the tradeoffs associated with grounding in DC 

distribution systems. The next step in the process is to build a simulation model, which is 

representative of the physical set up. Once the simulation model is available, the methodology 

presented guides the selection of adequate operating points that test the simulation model and 

experimental setup for the purpose of model validation.  

4.1.�Experimental Setup 

The validation process presented in this study involves a physical system. In order to 

conduct grounding studies of DC shipboard power systems, a representative experiment was set 

up in the lab. The set up, seen in Figure 4.1, is composed of a permanent magnet synchronous 

machine (PMSM) driven at constant speed by a DC machine. The data for this machine is in the 

appendix Table A.1.1. The speed of the DC machine is controlled from a computer desktop, by 

use of the digital to analog (D/A) and analog to digital (A/D) converters found in the figure.  

Measured
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DC drive

PMSM
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A/D

Inputs

Outputs

speed

voltages 

 
Figure 4.1: Set up of the physical experiment 
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The 36phase outputs of the PMSM are the inputs to an uncontrolled diode rectifier 

producing a DC voltage. The system is then loaded at the DC side of the converter using a 

resistor. It is also within this circuit that passive elements connect each rail to ground. These 

elements are part of a proposed grounding scheme for a system similar to the one discussed in 

section 3.3. In addition, a filter capacitor is present on the DC side of the rectifier is. This 

elements impacts the waveforms to ground as discussed in chapter 3. Another element that 

influences the profile of the voltage waveform is the line inductance on the AC side. These two 

elements are part of the circuit shown in bottom right hand corner of Figure 4.1. 

4.2.�Simulation Model  

In the work presented herein, it is important to establish a simulation model. This 

simulation model is a representation of the physical system presented in the previous section. 

The software tool used in this project is PSCAD EMTDC [33]. The simulation time step used 

was 50 Xs. 

Several assumptions were made in simulating the physical system. First, the PMSM is 

modeled as a voltage source according to [34]. Secondly, because the PMSM will generate a 

voltage, which is proportional to the input speed by a constant, the output voltages can be 

calculated based on a desired input speed. Therefore, the model assumes that the physical set6up 

is working under constant speed. As such, the DC machine, acting as a motor, is not required to 

be present in the model. The simulation model is shown in Figure 4.2.  

+

–

�
�

�
�

�
�

�
��

�

�
�

�
�

~
~
~

�
�

�
	

�



~

~

~

�



�



�
��

�
	�

�

�

 
Figure 4.2: Simulation model of the physical set up 

On the left, in Figure 4.2, the dashed box is a model for a 36phase AC voltage source with 

source inductance LS and resistance RS. An additional element denoted as LS1 is present and it 

represents an external and controllable line inductance added to the system. The machine 
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capacitance to ground was modeled according to the method found in [34]. Using this method 

half of the total capacitance to ground is connected between each phase and ground CW and 1.5 

times the value of the capacitance to ground is inserted between the neutral point and ground C2. 

The model also shows external and controllable capacitances to ground, C21 and CW1.  These 

account for the addition of capacitance to ground on the AC side of the system. The DC link 

capacitance is split into a parallel capacitance CP and a balancing capacitance CB. Two optional 

balancing resistors RB provide improved balance of the voltage distribution across CB. The mid6

point of the voltage divider is connected to ground by means of a grounding resistor RG. The load 

RL is assumed to be of purely resistive type. The flash on the lower rail symbolizes a potential 

single rail to ground fault 

4.3.�Validation Space and Output Responses. 

The next step in selecting the operating points entails defining the validation space. This 

is accomplished by determining the elements, which will be part of the study, e.g. the elements 

discussed in the previous section. A range for each of the elements is selected based on 

availability, and constraints found within the physical system. Table 4.1 represent the validation 

space, and will be used to determine the operating points required for model validation.  

Table 4.1: Maximum and minimum values for the input parameters 
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The parameters shown in Table 4.1 arise out of the analytical analysis conducted on these 

types of systems. In a previous section, it was shown that the line inductances as well as the DC 

link capacitance have an effect on the voltages to ground. Therefore, it is appropriate to vary 

both the line inductance of the setup (LS1 in Figure 4.1) as well as the filter capacitance (CP in 

Figure 4.1). In Table 4.1, the value for capacitance ratio and the total DC capacitance are 

calculated based in the filter capacitance (CP) and balancing capacitance (CB) found in Figure 4.1 

using Eq. 4.1 and Eq. 4.2 . Other elements that play a role in the voltage waveform are the 

balancing resistances (RB) and the grounding resistances (RG).   
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=  Eq. 4.1   

BPDC CCC
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+=  Eq. 4.2   

The range for these values is typically directly tied to the constraints of the physical 

system. Examples of this are the line output power and the output voltage from the PMSM. The 

output power in the physical system is limited by the amount of resistance available for use as a 

load. The maximum output voltage of the machine used is limited by the machine characteristics. 

The ranges for these values can also depend on the expected typical values or acceptable limits 

for each of the parameters. For example, the input voltage may be allowable to vary by +/6 5% of 

its operating point, therefore giving rise to the selection of the range shown in Table 4.1.  

The process continues with the determination of the response variables used in the 

analysis of both the experimental set up and the simulation model. Selecting an output response 

depends on many aspects of the study. This part of the process entails figuring out the best 

features that provide answers to the questions presented. In the case of this study, five responses 

variables encapsulate the important behavior of the system under study. The five output 

responses and their importance to the study of grounding in DC distribution system appear in 

Table 4.2.  

In this particular example, the output responses are shown in Figure 4.3. This figure 

contains two time6domain waveforms, and five output responses. On the left part in the figure, a 

waveform of the voltages to ground from the DC side of the rectifier is observed. A single phase 

to ground fault is initiated at t = 0.8 s. Three output responses are associated with this waveform, 
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the third harmonic content before the fault occurs, the ripple before the fault and the average DC 

voltage after the fault occurs.  The right plot in the figure contains a current waveform, the 

current through RG in Figure 4.2. Two output responses are associated with this waveform, the 

peak current at the time of the fault and the average current during ∆t = 0.2 s after the fault. 
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Figure 4.3: Response variables time domain waveforms 

4.4.�Selection of Operating Points 

After establishing the parameter ranges, and identifying interesting output responses, it is 

desirable to obtain experimental operating points that are suitable for model validation. These 

Table 4.2: Selected output response for the analysis of grounding in DC distribution systems 

Measures the steady state current present in the systemAverage ground current

Measure the peak to peak difference on the voltage to ground 

waveforms

Ripple voltage

Monitor the DC bus voltage depending on the grounding 

elements

Average DC voltage

Monitor the magnitude of the peak current when a single phase to

ground occurs

Peak fault current

Track the magnitude of the main cause distortion3rd harmonic magnitude

ImportanceParameter

Measures the steady state current present in the systemAverage ground current

Measure the peak to peak difference on the voltage to ground 

waveforms

Ripple voltage

Monitor the DC bus voltage depending on the grounding 

elements

Average DC voltage

Monitor the magnitude of the peak current when a single phase to

ground occurs

Peak fault current

Track the magnitude of the main cause distortion3rd harmonic magnitude

ImportanceParameter
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points serve as locations to evaluate the output responses in the simulation model and in the 

physical system. Subsequently, a comparison between the output responses gathered from both 

realms occurs. In the work presented herein, an exploration of the simulation model takes place 

with aim of applying classical design of experiments. This approach leads to a few experimental 

runs, which are suitable for both model validation and fitting a low order polynomial model 

between the interesting responses and the input parameter. 

The first step is to construct meta6models, which serve several purposes. They can be 

used to calculate global sensitivity indices. They can also be used to calculate the probability 

density functions of each of the response variables. In this case, the total sensitivities indices are 

computed for all output responses and a sequential DOE is built based on the three most 

influential input parameters.  

The meta6models that were built for this work are multi6adaptive regression splines [35]. 

The parameter space was explored using a latin hypercube sampling technique, as described in 

[36]. The fit of the model for most of the responses is reasonable, as indicated by the R
2
 value. 

Furthermore, these meta6models can be utilized to compute the global sensitivities indices 

(Figure 4.4). As it can be observed on the right side of the plot, for this particular response. 

which is the average ground current present during the faulted condition, of the circuited the 

most influential parameter is the capacitance ratio r, while the second most influential is the 

grounding resistance RG. 

This process was repeated for the other responses that were determined to be important 

R2 = 0.891176
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Figure 4.4: Cross6validated model (left) and Sobol’ indices (right) 



43 

 

for the study of grounding in DC distribution systems. The plots for the other response variables 

can be found in Figure A.2.16Figure A.2.4 in the appendix. A summary of the responses and the 

influential parameters according to the Sobol’s global sensitivities indices is shown in Table 4.3. 

In this table, a “3” is corresponds to the most influential input parameter for a response variable, 

“2” is assigned to the 2
nd

 most influential and 1 for the 3
rd

 most influential input on any of the 

plots. It was also taken into consideration that in order for an input parameter to appear on the 

table, it should be larger than a third of the most influential parameter. For example, if r is the 

most important parameter at 0.75%, then any parameter below 0.25% will not be part of the 

table, regardless of whether it is the second or third most important parameter. 

Table 4.3: Summary of influential parameters according to response variables 

61323Total

3Average ground current

32Ripple voltage

123Average DC voltage

32Peak fault current

233rd harmonic magnitude

VoltagePowerRbRgrCgndCdcLs1

61323Total

3Average ground current

32Ripple voltage

123Average DC voltage

32Peak fault current

233rd harmonic magnitude

VoltagePowerRbRgrCgndCdcLs1

 

Summing the indices, one can see that four input parameters that are determined to be 

interesting in regards to grounding of DC distribution systems. Due to fact that most of the five 

response have a strong dependence on a few of the eight input parameters considered, a 

Resolution:IV DOE is implemented according to the literature. Applying the design to the 

simulation model allows the analyst to compare between the polynomial model and the MARS 

meta6model. The fit of polynomial models constructed from the Resolution:IV designs are 

promising. The fit can be improved by adding axial runs to the initial runs. The axial runs must 

be selected for three of the input parameters, plus an additional central run. The three input 

parameters selected are based on the three highest totals from Table 4.3. The additional runs in 

combination with the central runs create a CCD. Again, the CCD is implemented in the 

simulation model and the results are compared to the MARS meta6model that was previously 

obtained. Since there seems to be a good fit, these 23 experiments, which fit a second order 

polynomial into the response space, can be utilized for model validation. 

The selected 23 experiments have a dual purpose. First, they provide for 23 distinct 
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points for comparison. Secondly, they allow fitting a 2
nd

6order polynomial model between three 

of the eight inputs under consideration and any of the output response discussed previously. The 

selected 23 operating points were exercised on the experimental hardware and mathematical 

models fitted to the data. A polynomial model was established between the three most important 

input parameters, and the third harmonic magnitude. Figure 4.5 illustrates the predicted vs. actual 

for the model obtained from the fit. The figure has two plots; the plot on the left belongs to the 

natural log of the output response. The plot on the left is the predicted vs. actual of the actual 

response, in this case the third harmonic magnitude. Likewise, figures with the fit of the other 

four output responses are found in the Appendix.  

4.5.�Analysis 

 Once a suitable set of experimental runs are determined, they need to be implemented in 

hardware and compared with the simulation model using the validation metrics discussed earlier 

in this work. The results of the validation procedure are shown in the next section. The 

comparison between the proposed model and hardware has multiple levels.  
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Figure 4.5: Predicted vs. actual of the linear model fit to 3rd harmonic magnitude. Fitted 

response [left], predictive capability [right] 
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4.5.1.� Qualitative Analysis 

An initial assessment on the agreement between the model and the physical system is to 

overlay plots on top of each. This is a qualitative approach to gaining confidence on the 

simulation models. Although this process is useful, it does not output a quantity that can be 

useful in determining the worthiness of the model.  The waveforms illustrated in Figure 4.6 are 

good example of a qualitative comparison. These waveforms show the ground current during the 

duration of the experiment at different operating points (different experiments). The waveforms 

serve to illustrate the variety of scenarios that are part of the operating region of the model 

seeking validation. It is important for the model to reproduce all these different conditions with 

certain accuracy in order to for the model to be validated. At first, glance, the agreement between 

the model and physical system appears good. However, there are only 3 plots shown, and 23 

different operating points. Visually inspecting all possibilities is not a sound approach in order to 

compare how close the model characterizes the physical system. 
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Figure 4.6: Qualitative comparison of fault current waveforms for different experiments 
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The reality of this methodology is that it disregards any of the errors found on the 

experimental set up. These include measurement errors, bias, and discretization errors. One of 

the main drawbacks of this approach to validation is the lack of a numerical estimate of the 

agreement or disagreement between the simulation model and the physical system. The bulk of 

this work revolves around quantifying the agreement or disagreement between the simulation 

model and the physical experiment. The next section will tackle this topic by carrying out the 

proposed methodology from previous chapters. 

4.5.2.� Quantitative Analysis 

In the work presented herein, the first two tiers of level validation are attempted. The 

content will be divided into two sections, one for each of the tiers of validations. The proposed 

methodology of this paper  is built upon the fact that the analysts and experimentalists want to go 

beyond the initial tier of validation, into the second tier of validation, and if possible into the 

third level, where one compares density functions from the experiment against density functions 

from the simulation. This level, however, will not be demonstrated in this work, and will be left 

as a future work. 

Quantitative Analysis Tier I 

The first tier of quantitative analysis comprises the point6by6point comparison of selected 

operating points. In regards to model validation, the focus of this work is to stress the selection 

of these initial operating points. The chosen operating points depend on the procedure outlined 

before hand, which takes advantage of DOE. The advantages of a DOE are many, including the 

ability to estimate random error, and the capacity to augment the design matrix in order to fit 

higher order polynomials.  

In the case presented here, 23 distinct operating points make up the total number of 

operating points tested. Additionally, replications of eight of the experiments were made in order 

to account for random error. The operating points were chosen in a random manner, and they 

were experiments number 2, 3,4,6,7,10,13,23. Each of the selected experiment was replicated 

five times. The replications allow for the calculation of confidence intervals for each of the 

response variables of interest. In this case, 90% confidence intervals are calculated with the five 

replications. The experiments that have replications offer a measurement of the variability within 

that output response for that experiment. By testing different experiments, one can gain insight 

into the unpredictability of the response variables throughout the operating space. Figure 4.7 



47 

 

belongs to the third harmonic output response calculated in the same manner from the simulation 

and the experimental data. The plots illustrated show the agreement or lack thereof between the 

prediction (simulation) and the actual value (measurement). The plot on the left clearly illustrates 

this point by displaying the error between the model and the physical system. The plot on the 

right takes another approach by displaying the predicted vs. the actual responses calculated. The 

line observed on the plot ion right represents the ideal predicted vs. actual, where the predicted 

values map one6to6one to the measured values. This represents the case where epistemic 

uncertainty is non6existent and where aleatory uncertainty is very small. However, the goal of 

validation is not to obtain the perfect model, but to characterize, in a quantitative manner, the 

agreement or disagreement between the model and reality.  

A first step towards that goal is the calculation of random error, which is done using 

confidence intervals. These intervals appear on both plots found within Figure 4.7, although most 

of the eight experiments show a small interval. However, this is not true for all the response 

variables, as it can be observed in Figure A.5.1 6 Figure A.5.4., where some of the intervals have 

a significant magnitude. In those cases, as oppose to Figure 4.7, the variability within the 

response variable is larger, which leads the analyst to having less faith in the experimental 

measurements. 
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Figure 4.7: Figures of the third harmonic magnitude output response. Error between simulation 

model and experiment vs. the experiment number [left]. Plot of the predicted (simulation) vs. 

actual (measurement)  [right] 
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The next step in analysis is to apply the global metrics which were discussed in Ch. 2 in 

order obtain a quantitative measurement of the comparison at each of the 23 operating points and 

for each of the five response variables of interest. The discussion of the global metrics in Ch.2 

included the calculation of a normalized average error and a maximum error for each of the 

output responses. The results for all the output responses of interest are displayed in Table 4.4. 

The selected normalizing factor allows the model user to better interpret the error between the 

simulation and the physical system. Typically, and as it was presented in Chapter 2, the 

normalizing factor is the measured quantity. However, sometimes using the measured quantity as 

a normalizing factor leads to large errors between the simulation and the experiment. This 

usually occurs when the normalizing factor is very small, and the magnitude of error may not be 

significant compared to the operating voltages and current. For example, assume for a certain 

operating point that the measured ground current is small, in the range of mA, if the simulation 

model predicts 1.5 times the measured value; the error is calculated to be 50% by using the 

measurement as a normalizing factor. In the other hand, if the normalizing factor is selected to 

have a meaningful value, for example, maximum allowable ground current, then the error on the 

comparison is scaled and it becomes more representative of the system under test.  

Table 4.4: Summary of normalize average and maximum error, and normalizing factor 

5 Ampere24.84.07Mean Ground Current

Measured6.765.00Average DC Voltage

Measured85.0537.76Ripple

25 Ampere22.777.49Peak Current

40 Volt33.004.12Third Harmonic

Normalizing factorMax Error (%)Avg. Error (%)Output Response

5 Ampere24.84.07Mean Ground Current

Measured6.765.00Average DC Voltage

Measured85.0537.76Ripple

25 Ampere22.777.49Peak Current

40 Volt33.004.12Third Harmonic

Normalizing factorMax Error (%)Avg. Error (%)Output Response

 

Looking at the global metrics displayed on Table 4.4 gives the model user an idea of 

what to expect when using the model presented. The average error is less than 10% for four of 

the five output responses of interest. However, the maximum for all but one of the response 

variables exceeds 10%. The global metrics point to the fact that the model has an overall 
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agreement, but in a few cases, the disagreement can be large. 

Quantitative Analysis Tier II 

The second tier quantitative analysis consists of exploring the parameter space in a 

meticulous and efficient manner. To this end, it is appropriate to obtain mathematical functions 

that map the inputs to output response of interest. Once these models are at hand, one can carry 

out the comparison between these models as described in Chapter 2. The recommended approach 

in this work states the use of Design of Experiments to aid in the selection of operating points. 

As stated before, design of experiments allows the construction of mathematical models between 

input and outputs to be done with a small number of experiments. This is a great feature, when 

taking into account that gathering useful information from the physical system is often an 

expensive affair. The 23 experiment encompassing a central composite design were executed and 

a linear model was fitted to the data as shown before in Figure 4.5. The plots found in this figure 

serve to assess the predictive capability of the fitted linear model. As it can be observed from the 

figure, the linear model for this particular response lacks predictive capability across the range of 

voltages. This linear model is not a good candidate as a replacement for the physical system. The 

proposed methodology requires a regression model with good predictive capability. Instead of 

focusing on the third harmonic magnitude, the linear model constructed for the peak fault current 

is used. The predicted vs. actual values for the peak current are shown in Figure 4.8. The figure 

shows a better agreement between the predicted values from the linear model and the 

measurement taken from the physical system.  

After attaining a suitable mathematical model from the experimental results, the next step 

is to test its predictive capability with the cases that are available from the simulation model. In 

the work presented here, in order to carry out the global sensitivity analysis, a number of 

simulation runs are used to construct a meta6model. One of the meta6model, which was 

constructed, appears in Figure 4.4. Similarly, meta6models were constructed for all the response 

variables and these are shown in the Appendix [Figure A.2.16Figure A.2.4]. The meta6models are 

constructed by sampling the simulation model at 256 different operating points using a Latin  
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Hypercube Sampling (LHS) technique. In order to asses the predictive capability for the low 

order polynomial model the 256 runs required to obtain the MARS meta6model are used as  an 

input to the polynomial model.. In order to account for the lack of fit, prediction intervals can be 

easily calculated for the linear model. In the present case, 90% prediction intervals are calculated 

 when predicting the 256 simulation runs. The predicted values using the linear model, along 

with the 90% prediction interval are plotted against the actual values calculated from the 

simulation. The results are displayed on Figure 4.9.  

This figure allows us to see the agreement or disagreement between the linear model 

obtained from the physical system and the simulation model. The general trend of the figures 

shows that the linear model obtained from the physical experiments tends to under estimate the 

peak current during the fault. In the worst cases, it underestimates the magnitude by 15 Amperes. 

Although the comparison does not lead anyone to believe that there is a very good agreement 

between the regression model obtained from the experiment and the simulation model, it serves 

to illustrate the main reason for having the ability come up with such a model. The main reason 

is that a larger number of operating points can be tested, in this case 256, as opposed to just 23. 

Another step in the in the second tier of model validation is to asses the predictive 

capability of the MARS model. This can be easily achieved by comparing the measured values 

with the predicted values from the MARS model. However, this can only be done for the 23 
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Figure 4.8: Predicted vs. actual for the peak fault magnitude. Fitted response [left], predictive 

capability [right] 
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distinct operating points at which the experiment was conducted. Figure 4.10 contains the 

predicted vs. actual for the 23 experiments. The bounds observed are associated with uncertainty 

propagation carried out on some of the inputs (LS, RL). It can be observed that for this response 

variable the bound are relatively small. The same procedure is applied to the other responses 

variables and the results are shown in the Appendix [Figure A.6.16Figure A.6.4].  
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Figure 4.10: Using the meta6model obtained from the simulation to predict the physical 

experiments  

Just like the model from the physical experiment, this meta6model contains variability. Its 
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Figure 4.9: Predicted output for the simulation using linear model vs. actual output of the 

simulation. 
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prediction variance must be taken into account when conducting the comparison between the two 

meta6models or at the very least quantified previously to the comparison. As observed in 

Figure 4.11 the prediction variance from the MARS is larger than the uncertainty attributed to 

the unmeasured inputs. In other words, there is greater variability in the prediction due to lack of 

fit than to the uncertainties associated with the inputs parameters (LS, RL). 
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Figure 4.11: Actual vs. Predicted cross6validated MARS with prediction variance 

Finally, after the previous step for analyzing the surrogate models are accomplished, a 

metric adapted from [38] can be used to compare both regression models: the polynomial model 

and the MARS model. This metric takes into account the variability found within the linear 

model (polynomial model from the experiment) and compares it with the prediction from the 

MARS model. The metric is useful when the meta6model constructed from both the experiment 

and the simulation show small prediction variance. For most of the output responses selected on 

this work, this is not he case. However, the metric is useful when discussing these two types of 

meta6models as it encompasses the contribution of all the inputs. The metric entails selecting the 

prediction intervals for the linear model from a small percentage to a large percentage, e.g. 10% 

to 90%. The prediction intervals are increased by 5% percent or 10% until the maximum value is 

reached After each increment, the number of predictions from the MARS model that lie within 

the intervals are pooled. Finally, the proportion of the number of predictions that fall within the 

interval is calculated. The plot on Figure 4.12 illustrates this metric.  
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Figure 4.12: Comparison Metric 

4.6.�Probe Calibration 

Another aspect of the comparison between the simulation model and the physical system 

entails the quantification of the error in the probes used to collect data from the physical system. 

In order to account for possible error within the measuring devices, a voltage probe and a current 

probe are tested by measuring a known source. A summary of the results is found in Table 4.5. 

Table 4.5: Summary of measurement probes errors 

0.41150 DC

Frequency: 0.02

Magnitude: 5.72100 @ 150 Hz

Freq: 0.02

Frequency: 0.22100 @ 48 Hz

0.38 V offsetNoiseVoltage

Frequency: 0.04

Magnitude: 4.0228 Amperes RMS @ 48 Hz

0.815 Amperes DC

Negligible offsetNoiseCurrent

Error (%)Test

0.41150 DC

Frequency: 0.02

Magnitude: 5.72100 @ 150 Hz

Freq: 0.02

Frequency: 0.22100 @ 48 Hz

0.38 V offsetNoiseVoltage

Frequency: 0.04

Magnitude: 4.0228 Amperes RMS @ 48 Hz

0.815 Amperes DC

Negligible offsetNoiseCurrent

Error (%)Test

 



54 

 

Each source is tested with different inputs, varying the frequency and the magnitude of each. An 

error is calculated between the output of the source and the recorded value. In the case of an AC 

value, the error is calculated for both the magnitude and the frequency of the signal.  
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5.�CO�CLUSIO� 

Based on the one6to6one comparison, the simulation model shows good predictive 

capability (a valid model), with some refinements possible. At minimum, the process outlined 

serves the purpose of indicating where the mismatch may be present. At best, the simulation 

model presented can be used to find out the optimal component values for the grounding scheme 

proposed.  

It is important to note that because of the methodology behind the selection of the 

operating points the validation between the proposed model and hardware can be accomplish on 

multiple tiers. Instead of being restricted by limitations present in the physical system such as 

inaccessible elements and the cost of sampling distinct operating points, the comparison can be 

carried out on a much larger number of operating points. This approach provides greater 

confidence on the simulation model when debating its validity. 

5.1.�Limitations 

In order to carry out the proposed methodology, better surrogate models need to be 

established between the response variables and the inputs. Although the selected points for 

model validation proved to be adequate for determining the agreement between the system and 

the simulation, the models built from the physical model did not possess good predictive 

capability. Regression models from the simulation and the physical system are necessary for the 

2
nd

 and 3
rd

 tier of model validation. One of the aspects that influenced the lack of fit for the 

polynomial model is feature characterization. The current waveforms could benefit from a 

filtering process in order to disregard the high frequency noise present on the measurement path.  

5.2.�Future Work 

The third level of model validation described in this work was not attempted. There are 

multiple reasons for this, but mainly it was due to lacking a good surrogate model from the 

physical experiment. However, if the meta6models are available, this is the ultimate step in 

determining simulation model agreement when carrying out a comparison. This level bypasses 

the limitations found when comparing central tendencies or other specific behavior of the data. 

Oberkampf and Roy outline the metrics necessary to apply this process in [37].
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A.�APPE�DIX 

A.1.� Permanent Magnet Synchronous  Machine 

Table A.1.1: Permanent Magnet Synchronous Machine Parameters 

0.6877 Vs/radMagnetizing Flux (λm)

7.192 mHq6axis inductance (L
QS

)

7.192 mHd6axis inductance (L
DS

)

8Number of Poles (p)

1.03 kg m^2Motor Inertia (J)

2.12 Nm/KrpmViscous damping coefficient (B
T
)

0.264 _Stator Resistance (R
S
)

0.6877 Vs/radMagnetizing Flux (λm)

7.192 mHq6axis inductance (L
QS

)

7.192 mHd6axis inductance (L
DS

)

8Number of Poles (p)

1.03 kg m^2Motor Inertia (J)

2.12 Nm/KrpmViscous damping coefficient (B
T
)

0.264 _Stator Resistance (R
S
)

 

A.2.� Multivariate Adaptive Regression Splines and Sobol’ indices 

The following figures contain MARS meta6models obtained from the simulation model 

for four of the five response variables of interest. The figures also contain Sobol’ indices 

associated with each response. The Sobol’ indices were used in this work to determine the three 

most important input parameters in regards to the output responses of interest. Table 4.3 

summarizes the results from each of the figures in this section of the appendix. 
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Figure A.2.1: Peak current cross6validated model (left) and Sobol’ indices (right) 
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Figure A.2.2: Third harmonic cross6validated model (left) and Sobol’ indices (right) 
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Figure A.2.3: Voltage ripple cross6validated model (left) and Sobol’ indices (right) 
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A.3.� Polynomial Models from the Experimental Data 

The following figures contain the 2
nd

 order polynomial fit between the inputs and three of 

the five response variables of interest as extracted from the experimental data. The figures also 

display the predictive capability of the polynomial models used. A model with good predictive 

capability is obtained for some of the response variables (Figure 4.8, Figure A.3.1, Figure A.3.2); 

while for others, the models do not offer and adequate substitute (Figure 4.5, Figure A.3.3) 
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Figure A.2.4: Maximum voltage cross6validated model (left) and Sobol’ indices (right) 
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Figure A.3.1: Predicted vs. actual of the DC link voltage. Fitted response [left], predictive 

capability [right] 
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Figure A.3.2: Predicted vs. actual of the Ripple. Fitted response [left], predictive capability 

[right] 

0 1 2 3 4 5 6

0
2

4
6

8
1

0
1

2
1

4

$3 $2 $1 0 1 2

$4
$2

0
2

Predicted (Amperes)
Predicted

Actual

(Amperes)

Actual

 
Figure A.3.3: Predicted vs. actual of the average current.  Fitted response [left], predictive 

capability [right] 



60 

 

A.4.� Time;domain voltage waveforms for three selected cases 

The figure shown in this section of the appendix contains the time domain waveforms of 

three distinct operating points. These waveforms show the voltage to ground before and after a 

fault occurs for three different operating points. This figure is the counterpart to the current 

waveforms discussed in the main text. As before, overlaying plots in this fashion offers the 

model user a qualitative manner to compare the simulation model with the physical system. 

Although this is a valid way to conduct the comparison, and therefore gain confidence in the 

simulation model, it does take into account sources of error or uncertainties that are present in 

both simulation model and the physical system. 
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Figure A.4.1: Qualitative comparison voltage waveforms for different experiments 
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A.5.� One to one comparison for 23 distinct operating points 

The figures found on this section comprise the first tier of quantitative model validation 

for the rest of the response variables of interest. Each of the figures contains two plots, both 

displaying the agreement between the simulation and the physical system but in a different 

manner. The plots found on the left hand side of the figures represent the error between 

simulation and physical system. The error should be as close to zero as possible, as can be 

observed on all the plots this is often not the case. Some of the figures do show a bias, e.g. the 

peak current, Figure A.5.1 and the average DC link voltage, Figure A.5.2  The plots found on the 

right hand side of the figures corresponds to the measured values from the experiment, labeled as 

actual, vs. predicted values from the simulation. In a best6case scenario, all the points lie along 

the line displayed on the plots on the right. As it can be observed on most of these plots, the 

trends are present, Figure A.5.1, Figure A.5.2, Figure A.5.4. The plot belongs to the average 

ground current after the fault, as shown in Figure A.5.4.  

Also found on these figures are confidence bounds associated with the replications 

carried out. These confidence bounds give the model user a range within they can expect the 

response variables of interest to operate. The ranges are use to quantify the random error present 

on the physical system. Most responses show small ranges except for the peak current. 
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Figure A.5.1: Figures of the peak current output response. Error between simulation and 

experiment [left]. Plot of the predicted (simulation) vs. actual (measurement)  [right] 
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Figure A.5.2: Figures of the average DC voltage output response. Error between simulation and 

experiment [left]. Plot of the predicted (simulation) vs. actual (measurement)  [right] 
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Figure A.5.3: Ripple output response. Error between simulation vs. the experiment number [left]. 

Plot of the predicted (simulation) vs. actual (measurement)  [right] 
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A.6.� Linear Model vs. Output of the Simulation 

The figures found on this section attempt to gauge the predictive capability of the 

polynomial model obtained for each of the response variables. This is achieved by using the 

polynomial model for a particular response variable to predict the based on the 256 operating 

points that were used to sample the simulation and construct the MARS meta6model. The results 

are plotted in a predicted vs. actual form, with the prediction being the output of the polynomial 

mode and the actual being the output from the simulation. As can be seen in the four figures 

found in this section, the polynomial models are very limited in their predictive capability 

The figures also contain a prediction bound. The prediction bound can be calculated from 

the polynomial mode, and offers a way of accounting for the lack of fit in the model. However, 

in this case they do not aid the comparison because of the poor predictive performance by the 

polynomial models. 

0 2 4 6 8 10 12

0

2

4

6

8

10

12

Predicted (Ampere)

Actual

(Ampere)

0 5 10 15 20 25
$0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Error in ground current 

(Ampere) 

Experiment Number
 

Figure A.5.4: Figures of ground current output response. Error between simulation and 

experiment [left]. Plot of the predicted (simulation) vs. actual (measurement) [right] 
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Figure A.6.1: Third harmonic magnitude linear model vs. simulation 
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Figure A.6.2: DC link voltage linear model vs. simulation  
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Figure A.6.3: Ripple linear model vs. simulation   
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Figure A.6.4: Ground Current linear model vs. simulation 
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A.7.� Coefficients comparison 

To determine the worthiness of the polynomial models, it is useful to compare the 

magnitude of the coefficients for the independent variables. A simple test that compares the 

magnitude of the coefficients obtained from the 23 experiments vs. the magnitude of the 

coefficient from the 256 simulation runs is carried out. The formula for the linear model, i.e. the 

interaction between the independent variables, is kept the same. As can be observed, the 

magnitudes of the coefficients are very similar when using the 256 runs from the simulation. 

This signifies that the 23 experiment are sufficient to approximate the magnitude of the 

coefficients for the polynomial models 
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Figure A.7. 1: Coefficients of the peak current 
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Figure A.7.2: Coefficients of the third harmonic magnitude  



67 

 

 

 

 

 

 

 

 

1 2 3 4 5 6

0
1

2
3

4
5

6

1 2 3 4 5 6

0
1

2
3

4
5

6

exp_lm_coef
sim_lm_coef

 
Figure A.7.3: Coefficients of the DC link voltage 

1 2 3 4 5

0
1

2
3

4

1 2 3 4 5

0
1

2
3

4

exp_lm_coef
sim_lm_coef

 
Figure A.7.4: Coefficients of the Ripple 
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A.8.� MARS prediction of experimental runs 

In this section, the MARS meta6model is evaluated. The MARS meta6model is used to 

predict the 23 operating points at which the physical system was sampled. This procedure 

evaluates the predictive capability of the meta6model. The bounds on the prediction are obtained 

by carrying out uncertainty quantification based on all the inputs. The MARS meta6model shows 

good predictive capability for only some of the responses Figure A.8.3, Figure A.8.4 
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Figure A.7.5: Coefficients of the Ground current 
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Figure A.8.1: Third harmonic magnitude MARS prediction 
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Figure A.8.2: DC link voltage MARS prediction 
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Figure A.8.3: Ripple MARS prediction 
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A.9.� Actual vs. predicted cross validated MARS with prediction variance 

The figures in this section of the appendix serve to evaluate the performance of the 

MARS meta model. The figures show a cross6validated model with prediction bounds for each 

of the response variable of interest. Most of the models shown poor predictive capability except 

for model built from the average DC link voltage response Figure A.9.2 

Simulation Output (Amperes)

Predicted 

Output 

(Amperes)

0 2 4 6 8 10 12 14

0
2

4
6

8
1

0
1

2

 
Figure A.8.4: Ground current MARS prediction 
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Figure A.9.1: Third harmonic voltage cross6validated MARS 
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Figure A.9.2: DC link voltage cross6validated MARS 
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Figure A.9.3:  Ripple cross6validated MARS 
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A.10.� Comparison Metric for linear Model vs. MARS 

Many of the previous sections in the appendix were dedicated to determining the 

worthiness of the surrogate models obtained from the simulation model (MARS) the physical 

system (polynomial model). The figures found in this section of the appendix aim to compare 

both surrogate models by use of a metric discussed in [38]. The figures correspond to four of the 

five responses of interest. The metric itself takes advantage of the main reason surrogate model 

were obtained from both the physical systems and the simulation model. As stated in the main 

text, the metric entails selecting the prediction intervals for the linear model from a small 

percentage to a large percentage, e.g. 10% to 90%. The prediction intervals are increased by 5% 

percent or 10% until the maximum value is reached. After each increment, the numbers of 

predictions from the MARS model that lie within the intervals are pooled. Finally, the proportion 

of the number of predictions that fall within the interval is calculated.  

The metric is utilized for each of the response variables and the results are displayed in 

Figure A.10.16 Figure A.10.4. In this case, the metric does not show a good agreement between 

the two surrogate models.  
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Figure A.9.4: Ground current cross6validated MARS 
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Figure A.10.1: Comparison Metric for third harmonic magnitude 
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Figure A.10.2: Comparison Metric for DC link voltage 
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Figure A.10.3: Comparison Metric for Ripple 
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Figure A.10.4: Comparison Metric for average ground current 
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