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ABSTRACT

As the Department of Defense (DOD) deploys renewable distributed energy
resources (DERs) to reduce fossil fuel consumption, microgrids are being evaluated as
one way to generate and deliver reliable electric power to stationary and mobile military
units. Commercial off the Shelf (COTS) microgrid components are a viable cost-effective
option to setup stand-alone microgrid systems to support mobile military units and help
drive the transition to a more sustainable yet energy-resilient military. Reliability and
resilience are key parameters in determining the effectiveness of microgrids in supporting
military missions. Although in the past few years many researchers have presented
reliability and resilience models of various complexity, experimental measurements and
model validation are not available in the literature for mobile COTS microgrids. The goal
of this thesis research is to experimentally assess the reliability and resilience of
stand-alone, mobile microgrids that can be carried by one or two individuals and can be
easily assembled in the field in support of operations in locations where utility power is
not available. Utilizing COTS DERs including batteries, PV arrays and power converters,
three different standalone microgrid architectures were designed, analyzed, and tested in
the laboratory. Reliability block diagrams, and system fault trees were created per

MIL-HDBK-338B, to compare the reliability of the three microgrid configurations.



THIS PAGE INTENTIONALLY LEFT BLANK

Vi



Table of Contents

1 INTRODUCTION
1.1 Related Work .
1.2 Research Objectives and Contribution .

1.3 Organization .

2 BACKGROUND

2.1 Distributed Energy Resources and Stand-Alone Microgrids.
2.2 Reliability Analysis of Electronic Systems

2.3 Reliability and Failure Models .

2.4 Sizing Microgrid Components to Improve System Reliability .

3 MICROGRID CONFIGURATIONS AND RELIABILITY MODELING
3.1 Microgrid Architectures with Varying Numbers of DERs

3.2 Increasing Reliability with Spare Parts .

3.3 Reliability Estimate and Comparison of the Three Configurations .

4 EXPERIMENTAL MEASUREMENTS AND RESULTS
4.1 Experimental Microgrid Set-up.

4.2 Experimental Measurements .

4.3 Microgrid Resilience Analysis .

4.4  Availability

5 CONCLUSION AND FUTURE WORK
5.1 Future Work .

List of References

Initial Distribution List

vii

W N =

9]

10
14

29
29
45
46

49
49
60
80
82

83
84

85

91



THIS PAGE INTENTIONALLY LEFT BLANK

viii



List of Figures

Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10
Figure 2.11
Figure 2.12

Figure 2.13

Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5

Figure 3.6

Hazard rate as a functionofage . . .. ... ... ... .....
Aseriesnetwork . . . . ... Lo oo
A parallel network with two components . . . . . . ... .. ..
A parallel network with three components . . . . . . .. ... ..
Sample fault tree analysis format and symbology . . . . . . . ..
Inputs and outputs of manual designtool . . . ... .. .. ...
Inputs and outputs of automatictool . . . . . .. ... ... ...

Comparison of energy densities and specific energy of different
rechargeable batteries . . . . . .. ... ... ..........

Days of battery storage needed for a stand-alone system with 95% and
99% system availability. Peak sun hours are on a month-by-month
basis. Based on Sandia Laboratories . . . . . . .. ... ... ..

Lead-acid battery capacity depends on discharge rate and temperature
PVIVcurve . . . .. ... .. o
Hourly irradiationcurve . . . . . . . . ... ... ... ...,

I-V curve of photovoltaics with no maximum power point tracking

Architecture of configuration 1 . . . . . .. ... ... ... ..
Parallel photovoltaic arrays, at any given voltage the currents add
Architecture of configuration2 . . . ... ... ... ... ...
Modules in series, at any given current the voltages add . . . . .
Architecture of configuration3 . . . . . ... ... L.
Reliability block diagram for microgrid configuration 1 . . . . .

iX

11

11

12

13

16

17

19

20

24

26

27

28

30

31

32

33

34

35



Figure 3.7

Figure 3.8

Figure 3.9
Figure 3.10

Figure 3.11

Figure 3.12
Figure 3.13

Figure 3.14

Figure 4.1
Figure 4.2

Figure 4.3

Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8

Figure 4.9

Figure 4.10
Figure 4.11

Figure 4.12

System fault tree for microgrid configuration 1

Microgrid configuration 1 reliability diagram with spares readily
available

Reliability block diagram for microgrid configuration 2

System fault tree for microgrid configuration2 . . . . .. .. ..

Microgrid configuration 2 reliability diagram with spares readily
available

Reliability block diagram for microgrid configuration 3

System fault tree for microgrid configuration3 . . . . . . . . ..

Microgrid configuration 3 reliability diagram with spares readily
available

Notional block diagram of the experimental setup. . . . . . . . .
Solartech photovoltaicarray . . . . . .. ... ... .......

Tracer4210AN maximum power point tracking solar charge con-
troller . . . . ...

12 V 100AH deep cycle absorbent glass mat battery

Circuit breaker magnetic-hydraulic lever

DC to AC power inverters . . . . . . . . . . .. v

AC critical load display

Fluke 434 power quality analyzer

MT50 remote meters and maximum power point tracking solar charge
controllers . . . . . . ...
Bidirectional volt/ampmeter . . . . . . ... ... ... ...
Solar radiation data in Monterey, CA . . . . . .. ... ... ..

Photovoltaic power potential in the United States of America . . .

X

37

38

39

40

41

42

44

45

49

51

52

53

54

55

57

58

60

60

61

61



Figure 4.13
Figure 4.14
Figure 4.15
Figure 4.16
Figure 4.17
Figure 4.18
Figure 4.19
Figure 4.20
Figure 4.21
Figure 4.22
Figure 4.23

Figure 4.24

Experimental voltage plot for test 10 (AC power increment 200 W)

Experimental current plot for test 10 (AC power increment 200 W)

Experimental power plot for test 10 (AC power increment 200 W)

Experimental voltage plot for the stresstest . . . . . . ... ...

Experimental current plot for the stresstest . . . . . .. ... ..

Experimental power plot for the stresstest. . . . . . .. ... ..

Experimental voltage plot for test 20
Experimental current plot for test 20
Experimental power plot for test 20

Experimental voltage plot for test 26
Experimental current plot for test 26

Experimental power plot for test 26

X1

66

67

69
70
71
74
75
76
78
79
80



THIS PAGE INTENTIONALLY LEFT BLANK

Xii



List of Tables

Table 2.1

Table 2.2

Table 2.3

Table 2.4

Table 3.1

Table 4.1

Table 4.2

Table 4.3

Table 4.4
Table 4.5
Table 4.6
Table 4.7
Table 4.8
Table 4.9
Table 4.10

Table 4.11

Minimum system voltages based on limiting current to 100 A
Models of batteries . . . . . .. .. ...
Example deep-cycle lead-acid battery characteristics . . . . . . .
Temperature correction factor of lead-acid and Li-ion batteries . .
Theoretical probability of success with spares available for each con-
figuration . . . . . . . ...

Specification of the photovoltaic arrays used in the experiment

Specification of the Tracer4210 maximum power point tracking solar
charge controller used in the experiment . . . . . . .. ... ...

Specification of the 12 V 100 AH deep cycle absorbent glass mat
battery . . . . . . ..

Specification of the circuit breaker magnetic-hydraulic lever . . . .
Specification of the DC-AC power inverter . . . . . . .. .. ...
AC critical load description . . . . . . . .. ... ... ...,
Fluke 434 settings . . . . . . . . . . o o o
Experimental data for configuration 1 . . . . .. .. .. ... ..
Experimental data for configuration2 . . . ... ... ... ...
Experimental data for configuration3 . . . . .. ... ... ...

Total data for each configuration . . . ... ... .. ... ....

Xiii

21

22

23

25

48

50

52

53
54
55
56
59
64
73
77

81



THIS PAGE INTENTIONALLY LEFT BLANK

Xiv



List of Acronyms and Abbreviations

AC

AGM

BATT

COTS

DC

DERs

DOD

ESS

FTA

LCD

LED

MASINT

MDOD

MPP

MPPT

MS

MTBF

MTTF

MTTR

Alternating Current

Absorbent Glass Mat

Battery

Commercial off the Shelf
Direct Current

Distributed Energy Resources
Department of Defense

Energy Storage Systems

Fault Tree Analysis

Liquid Crystal Display
Light-Emitting Diode
Measurement and Signature Intelligence
Maximum Depth of Discharge
Max Power Point

Maximum Power Point Tracker
Microsoft

Mean Time Between Failure
Mean Time To Failure

Mean Time To Repair

XV



NPS

PC

PSH

PV

RBD

RESS

RMS

SCC

SPST

SRWBR

TCF

TCP

USMC

USN

Naval Postgraduate School
Personal Computer

Peak Sun Hours

Photovoltaic

Reliability Block Diagram
Renewable Energy Storage Systems
Root Mean Square

Solar Charge Controller
Single Pole Single Throw
Short Range Wide Band Radio
Temperature Correction Factor
Transmission Control Protocol
U.S. Marine Corps

U.S. Navy

Xvi



Acknowledgments

I would like to earnestly acknowledge the sincere efforts and valuable time given by my
thesis advisor, Dr. Giovanna Oriti, as well as Dr. Douglas Van Bossuyt for their support of

my thesis research efforts.

I would also like to acknowledge lab technicians Mr. Jeff Knight and Mr. Franklin Blevins
for their unwavering support, guidance, and countless safety inspections of the stand-alone
microgrid. They never hesitated to support my research efforts and were always available

for questions.

Lastly, I would like to thank my family for their constant love and support. Without that
support, this would not be possible. Thank you!

Xvii



THIS PAGE INTENTIONALLY LEFT BLANK

xviii



CHAPTER 1
INTRODUCTION

As outlined in Executive Order 14057, the Federal Government is directed to lead the nation
in an effort to significantly reduce carbon emissions on Department of Defense (DOD)
installations by 2035 in order to reach net-zero emissions economy-wide no later than
2050 [1]. The U.S. Navy (USN) and U.S. Marine Corps (USMC) are contributing to this goal
by deploying more and more renewable Distributed Energy Resources (DERs) in facilities
and forward operating bases to reduce fossil fuel consumption. DERs are often controlled
together in a system known as a microgrid, which has been extensively studied and discussed
in recent years [2]-[10]. Design tools and models are needed to properly size DERs and
to setup microgrids that can generate and distribute reliable power to support stationary
and mobile military units. This research aims to examine the reliability and resilience of
a stand-alone microgrid with the possibility of built-in redundancy. Theoretical reliability
will be analyzed based on the Commercial off the Shelf (COTS) components and resilience
will be analyzed through a multitude of laboratory experiments designed to stress the system
and examine its ability to withstand and minimize impact to the overall performance. In an
enemy-contested environment, users will need a reliable yet resilient power system that is

capable of responding to disruptions and continue providing power to meet mission success.

1.1 Related Work

In recent years, a few research studies focusing on the design and resilience of stand-alone
microgrids for military applications have been published [2]-[5], [7], [11]-[13]. In [7]
the authors review the “vital aspects of DER based microgrids and present simulations
to investigate the impacts of DER sources, electric vehicles (EV) and Energy Storage
Systems (ESS) on practicable architectures’ resilient operation.” In [4] a system engineering
approach was used to evaluate microgrid resilience while accounting for its impact on a
military mission. Novel resilience definitions and analyses were applied to standalone

microgrids in [5].



As described in [2], [12] a design method was created for user to accurately size DERs of
a microgrid systems to meet load requirements when utility power is not available. In [13]
the design tool was expanded to hybrid microgrids that operate in different geographical
locations and environments, that includes variations of both temperature and solar insolation.
A simulation-based modeling framework for rightsizing hybrid microgrids is proposed in [3]
for systems composed of diesel generators, a Photovoltaic (PV) system, a battery ESS and

an energy management system.

Lastly [14] presents a “framework of reliability assessment and varying characteristics
of analysis aiming at PV-ESS based stand-alone MG has been developed, by taking the
sequential stochastic states of the main components of MG, minimization of a load shedding

model, as well as CL model into consideration.”

From the above literature review, the following gap was identified; although microgrid
resilience has been defined and analyzed with extensive simulation work such as [4], [5],
not much experimental work has been presented in support of the analysis. This research
aims to explore the reliability and resilience of a stand-alone microgrid on a laboratory
testbed using COTS products, in addition to military handbooks 217F and 338B [15], [16].

1.2 Research Objectives and Contribution

As the literature has shown, resilience and reliability are key factors in determining the
appropriate number of DERs that is most effective to support a military mission. Although
much literature exists on these topics, experimental data is not available to evaluate the
resilience and reliability of COTS microgrids. The primary objective of this thesis is to
evaluate the resilience and reliability of a COTS stand-alone microgrid using statistical

analysis and experimental measurements.

To accomplish the primary objective, first sizing and design of the stand-alone microgrid
was conducted. Using available COTS DERs and components, three different configurations
were designed based on the manufacturer specifications outlined in each manual. The
theoretical reliability models and system fault trees were then created and analyzed to
estimate and compare the reliability of the three microgrid configurations and to explore

potential causes of system level failure using the methods outlined in Military Handbooks

2



338B and 217F [15], [16]. Additionally, statistical distribution functions were used to predict
how redundancy and spare parts affect microgrid reliability. After the reliability analysis, an
extensive experimental study evaluated the resilience of the three microgrid configurations

on a laboratory testbed.

1.3 Organization

The remainder of this thesis is organized as follows: Chapter 2 covers some background
information to include DERs as part of stand-alone microgrid systems, reliability analysis

of electronic components, and sizing of those components based on reliability.

Chapter 3 covers the design of three microgrid configurations using COTS components.
It also presents the reliability and resilience analysis of the COTS microgrids using the
Reliability Block Diagram (RBD) and Fault Tree Analysis (FTA) methods to compare the
three configurations and evaluate the effects of redundancy and spare parts on improving

system reliability. Potential ways of system level failures are also discussed.

Chapter 4 contains a detailed description of the microgrid testbed and its components, the
results from the experiments, and a discussion of the resilience of the microgrid configura-

tions including the impact of redundancy.

Chapter 5 summarizes the results obtained from the design, analysis and experiments, and it
also presents potential future work pertaining to stand-alone microgrids for mobile military

operations.
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CHAPTER 2:
BACKGROUND

Microgrids and the use of DERs are changing the way energy is produced, stored, and dis-
tributed. This chapter will review stand-alone microgrids and the use of DERs. Additionally,
reliability analysis of electronic systems will be reviewed using methods outlined in military
handbooks 217F and 338B [15], [16]. The proper sizing of microgrid components based on

reliability will also be discussed.

2.1 Distributed Energy Resources and Stand-Alone Mi-
crogrids

Electrical energy is arguably one of the most universally used elements in the world [7]. The
use of conventional energy resources to produce electrical energy is a topic of discussion
because fuel energy resources are proven to be the cause of the rapid increase in global
carbon emission levels [1], [17]. Sustainable means to produce electrical energy are now
at the forefront of research and development in an effort to significantly reduce carbon
emissions. In recent years renewable energy sources such as wind, solar, tidal, bioenergy,
etc. have become very attractive for the global production of sustainable energy and the
quest towards a greener future [18]. Renewables such as wind and solar are considered
environmentally friendly DERs which can contribute to the setup of resilient microgrid

systems.

In [9] the author states, “DERs encompass a wide range of power generation technologies,
such as internal combustion engines, gas turbines, microturbines, PV systems, fuel cells, and
wind power.” This technology is commonly associated with renewable energy resources and
microgrid systems. Pairing DERs with microgrid systems physically reduces the electrical
distance between the power generation and electrical loads [9]. When sources are closer to
electrical loads that yields a reduction in losses, a reduction in transmission bottlenecks,

and a greater use of wasted heat [9].



Microgrid research, development, and implementation has been accelerated in recent years
as a method to increase the use of renewable energy resources to generate electrical power
[19]. Microgrids are active distribution systems that include DERs, such as distributed
generation and distributed storage, and can operate in either grid-connected or islanded
mode (stand-alone) [8] and IEEE standard 1547-2018 can also be used to identify how DERs
should be connected. As identified in [8], “The main goals of microgrids are to improve
distribution reliability, support high penetration of renewable energy, to offer islanding
capability, and to improve generation efficiency in a sustainable power grid.” Stand-alone
microgrids using more economic and environmentally sustainable DERs provide a certain
level of independence from the utility grid. Stand-alone systems do not have to worry about
how the systems affects anyone else and can be configured to support the specific needs of the
user, independent of grid-tied regulations. Additionally, stand-alone microgrids completely

isolate users from grid power outages or security breaches [10].

2.2 Reliability Analysis of Electronic Systems

Power electronic systems are the enabling technology for DERs as utility interfaces to
renewable energy resources and energy storage systems [20]. Researchers have placed much
emphasis on reliability and resilience of power electronic systems. In recent years, much
emphasis has been placed on the reliability and resilience of power electronic systems [21],
[22]. References [15], [23], [24] uses mathematical estimations to show various methods of
analyzing the reliability of electronic systems. An analysis of component level failure models
were examined extensively in [20], [25]—[27]. In [20] several analytical methodologies are
presented to build system level reliability models with the goal of producing accurate
reliability predictions. Various solutions are proposed to improve reliability. Spare parts
availability, inherent redundancy, active online monitoring, and management of faults are

among several methods to enhance reliability [20], [28]-[30].

In analyzing ways to improve overall system level reliability the metric needs to be an-
alyzed. Metrics ultimately reflect the design goal which is driven by user requirements.
The commonly adopted metrics to evaluate the reliability of electronic systems are failure
rate, Mean Time To Failure (MTTF), Mean Time Between Failure (MTBF), Mean Time To
Repair (MTTR), and availability [20].



Failure rate as defined in [16] is “the total number of failures within an item population,
divided by the total number of life units expended by that population, during a particular
measurement period under stated conditions.” In other words, it is an indication of suscep-
tibility to failure after a specific time period for a component or system. Figure 2.1 shows a
typical failure rate curve as a function of time, referred to as the “bathtub curve” [16]. The
plot in Figure 2.1 suggests that life cycles can be divided into periods: the “infant mortality
period,” “useful life period,” and the “wear-out period” [16]. Items are subjected to extensive
testing prior to fielding, which result in removal of the infant mortality period prior to use.
Undiscovered defects in design and production greatly contributes to high failure rate in the
infant mortality period [20]. When an item survives the infant mortality period, the failure
rate stabilizes over a constant time period prior to reaching the wear-out period. During
the wear-out period, systems generally have completed their required mission and failure
rates increase [20]. At this point it is vital to conduct a reliability analysis to determine the

probability of success for continued use of the item.

I II m
Infant 1keful Life Wearnout
Mortality
Overll Life
Characteristic Curve
Hazard 7
Rate Z{1) [.
Stress Related —
Failures /
i ___Q.l:_nhlj' P ,
“+.. Failures] o = ZeWearout
f o, — - Failures

Tg Time — Ty
Tpg = possible burn-in time Tw = wear begins

Figure 2.1. Hazard rate as a function of age. Source [16].

The reliability function, R(t), or the probability that an item has not failed prior to time ¢, as

described in [16], is expressed as,



R(t)=1-F() = /Oof(t)dt. 2.1

It goes on to say that the “failure rate A(z), is defined as the ratio of probability that failure
occurs in the interval, given that it has not occurred prior to time ¢, the start of the interval,

divided by the interval length” [16]. In [16], the equation is expressed as

_ R(t) — R(t + Ar)

A) AtR(t)

(2.2)

Additionally, “the hazard rate, h(t), or instantaneous failure rate, is defined as the limit of the
failure rate as the interval length approaches zero” [16]. In [16], the equation is expressed

as

. R -R(+Ar)
h(t) = Alzlr—{lo AtR(1) ' 2-3)

Furthermore, “the reliability function R(t) is determined from the failure rate h(t) with the
assumption of R(0) = 1, i.e. the item is fully functional at the initial state” [16]. In [16], the

equation is expressed as

R(t) = e~h 0, (2.4)
“In many reliability models, the failure rates of components and subsystems are assumed

independent of time although this assumption has limitations” [16]. In [16], [20], [30], the

equation is expressed as

R(t) =e™™. (2.5)

In many cases for electronics equipment, equation (2.4) becomes equation (2.5) for the

exponential distribution function.



Time, an important aspect of reliability analysis, can be expressed in terms of MTTF or
MTBEF [30]. MTTF is the expected time prior to failure occurring. MTTF does not depend
on a specific time period, which is different from reliability. It gives the mean time of an
item operating without failing as described in [16], [20]. In [16], the equation is expressed

as

MTTF = /mR(t)dt. (2.6)
0

MTBEF appears very often in reliability literature. “It applies to the repairable items in which
failed elements are replaced upon failure” [16]. In [16], [20], [30], MTBEF is expressed as

1
MTBF = - 2.7)

Military Handbook 338 [16] describes availability as “the probability that a system is
operating satisfactorily at any random point in time ¢, when subject to a sequence of
‘up’ and ‘down’ cycles which constitute an alternating renewal process” [16]. Operational
availability is the “probability that a system or equipment, when used under stated conditions
in an actual operational environment, will operate satisfactorily when called upon” [30].

In [16], operational availability is expressed as

MTBM + RT
A, = * 2.8)
MTBM + RT + MDT
where,
MTBM = ! (2.9)
1+ f) '
and,



MDT = M + Mean Logistic Time + Mean Administrative Time. (2.10)

The M as described in [16] is “the mean active and corrective preventative maintenance time
and MTBM is the mean interval between corrective and preventive maintenance actions
equal to the reciprocal of the frequency at which these actions occur, which is the sum of
the frequency or rate (4) at which corrective maintenance actions occur and the frequency
or rate (f) at which preventive maintenance actions occur.” RT is the system average ready

time, meaning the system is ready but not actually available in an operational cycle [16].

2.3 Reliability and Failure Models

Reliability modeling provides a process for predicting or understanding the reliability of
each component within a system. Military Handbook 338B states that reliability models are

used for prediction and for estimation [16].

2.3.1 Reliability Block Diagrams

The common diagrammatic methods used to predict the reliability of success and failure
of a system is through the use of RBDs. “RBDs are constructed to show interdependencies
among all elements (subsystems, equipment, etc.) or functional groups of the item for item
success in each service use event” [16]. RBDs are a visual depiction of the system success

through the use of various series-parallel paths [16].

In reference [30] the author states, “the series relationship is probably the most common used
and is the simplest to analyze.” This analysis is illustrated in Figure 2.2, each subcomponent
must be functional if the system is to operate properly [30]. The expressions is represented
by the product of the reliabilities of the individual subcomponents as described in [16],
[30], as

R = (R4)(Rp)(Rc). (2.11)

10



If a series system is expected to operate for a specific time period, it can be expressed as
described in [30], as

Rg = (e7M1)(e™2) (e7H1)... (e~ ). (2.12)

Input A B C Output

Figure 2.2. A series network

“A pure parallel network is one where several of the same components are in parallel and
where all the components must fail to cause total system failure” [30]. The reliability for a
two-component system assuming the components are identical and the system will function

if A or B, or both, are working, as defined in [30], is

R=Rs+Rp— (Ra)(Rp). (2.13)

Figure 2.3 illustrates the parallel two component system.

Input — — Output

Figure 2.3. A parallel network with two components
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A network with three components in parallel as shown in Figure 2.4 as defined in [30], is

R=1-(1-Ry)(1-Rp)(1-Rc). (2.14)

If all components A-C are identical, the reliability expression as define in [30] and illustrated

in Figure 2.4, is

R=1-(1-R)>. (2.15)

Input B Output

Figure 2.4. A parallel network with three components

2.3.2 Fault Tree Analysis

The FTA is a deductive approach and analysis of multiple ways that failure could occur and
the probability of occurrence [30]. “It is a top-down fault tree structure that is developed for
each critical failure mode. A fault tree helps users understand how the system can fail and
helps in identifying best ways to reduce risk or to determine event rates of a safety accident
or a particular system level failure” [30]. Figure 2.5 illustrates a sample fault tree analysis

and symbology.
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TS

The ellipse represents the top-level event.
Obviously, the ellipse always appears at the very
top of a fault tree.

The rectangle represents an intermediate fault
event. A rectangle can appear anywhere in a tree
excepl at the lowest level in the hierarchy.

A circle represents the lowest-level failure event,
also called a basic event. Basic events are likely
to appear al the lowest level in a fault tree.

The diamond represents an undeveloped event.
Undeveloped events could be further broken
down, but are not for the sake of simplicity. Very
often, complex undeveloped events are analyzed
through a separate fault tree. Undeveloped

f events appear at the lowest level in a fault tree.

This symbol, sometimes called the house,
represents an inpuf eveni. An input event refers
to a signal or input that could cause a sysiem
failure.

This symbol represents the AND logic gate. In
this case, the output is realized only after all the
associated inputs have been received.

This symbol represents the O'R logic gate. In this
case, any one or more of the inputs need to be
received for the output to be realized.

Figure 2.5. Sample fault tree analysis format and symbology. Source [30].
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2.3.3 Exponential Distribution

The exponential distribution is an important distribution that is commonly used in reliability
analyses for prediction of electronic equipment failures [15], [16]. The exponential function
describes the situation wherein the hazard rate h(t) is constant and is generated by the

Poisson process [16].

The failure density function described in [16] is,

f(y=1eY  fort>0, (2.16)

where A is the hazard (failure) rate, and the reliability function is,

R(t) = e~ V. (2.17)

Some applications of the exponential model include but are not limited to: “items whose
failure rate does not change significantly with age; complex and repairable equipment
without excessive amounts of redundancy; and equipment for which the early failures or
‘infant mortalities’ have been eliminated by ‘burning in’ the equipment for some reasonable
time period” [16]. The exponential function is applicable for conducting an analysis of

individual components that makes up the overall system.

2.4 Sizing Microgrid Components to Improve System Re-
liability

Selecting the size of DERSs in the planning phase is vital when designing a microgrid system
[3]. Several articles have been published on the evaluation criteria for the correct sizing
of stand-alone PV systems [2], [31], [32] and IEEE standard 1562-2007. An adequately
designed and sized stand-alone microgrid system will operate independently from the
commercial grid and supply enough power to support the critical load for the duration of

the mission [3], [11], [12]. This includes the number, type and rating of PV arrays, the
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capacity and number of batteries, inverter rating, Maximum Power Point Tracker (MPPT)
charge controllers and cables [33]. This section is designed to inform planners on a method
to properly sizing a stand-alone microgrid using batteries as ESS, and PVs as the power

source.

The design tool discussed in this section comprises two sections: the battery bank system
as the ESS, and the PV arrays [12]. The Microsoft (MS) excel document developed by prior
thesis student [13] was used for the stand-alone microgrid configurations. Figures 2.6 and
2.7 shows two different automation tools, the manual and automatic, with numbers based
on the design for a 6.2 kWh/day stand-alone microgrid located in Monterey, California. The

generator and fuel fields are not used since there is no generator in this microgrid design.
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Inputs

Dutputs

Battery Bank Design

User Inputs

Battery Bank Design

Outputs

System and Load Specifications

Batteries in series

Inverter efficiency

Batteries in parallel

AC Load total (kWh/day)

Total number of batteries

AC Load Critical (kwh,/day)

Minimum state of charge in NOC (38)

System Woltage

Battery Specifications

PV Design

Battery Voltage (volts)

Mumber of Modules in series

Capacity (Ah/battery)

Mumber of Modules in parallel

Efficency (as & decimal)

Modules Total

MDOOD (as a decimal)

PV output (Ah)

Battery Type & Temperature Range (C)

LA Temp225

PV output (kWh,/day)

User Preferences

Required Usahle Storage for Total Load (day

Generator Design

Outputs

Required Usahble Storage for Critical Load (g

Mumber of generators

8]

PV Design

User Inputs

Maximum number of generators
based on min charge time

Environmental Factors

Peak Sun Hours (kWh/m*2)

Fuel Storage Design

Dutputs

PV Specifications

Storage capacity needed (gal)

0

MPF Current (amps)

Mumber of fuel containers needed

8]

MPP Voltage (volts)

User Preferences

Solar fraction

MPPT?

Arary to Load ratio

Generator and Fuel Storage Design

User Inputs

Maximum load power (kW)

Generator rated power (kW)

Fuel storage container capacity (gal)

Generator Fuel rate (gal/hr)

Required Days of Autonomy

Figure 2.6. Inputs and outputs of manual design tool. Adapted from [13].
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Battery Bank Design
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Battery Bank Design
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Inverter efficiency
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Total number of batteries
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Battery Model
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Required Usable Storage for Critical Load (da
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PV Design
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Generator Design
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Peak sun hours (kWh/m"2)

PV Specifications
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Fuel Storage Design
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Storage capacity needed (gal)

Array to Load ratio

Number of SIXCONs needed

MPPT?
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Number of other containers needed

Generator and Fuel Storage Design

User Inputs

Maximum load power (kW)

Generator Model and Rated Power

30kW AMMPS

Fuel storage container type

SIKCON

Other Fuel storage capacity (gallons)

Required Days of Autonomy

Figure 2.7. Inputs and outputs of automatic tool. Adapted from [13].
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2.4.1 Battery Description and Sizing

The most commonly used ESS found in stand-alone microgrids include rechargeable bat-
teries. Figure 2.8 compares the energy densities of the various commercial rechargeable
batteries currently in use. Lead-acid batteries that are designed and built for deep cycle
applications are produced in three different categories: flooded, gel sealed, and Absorbent
Glass Mat (AGM) sealed [34]. Lead-acid batteries are widely used in the USN. “Li-ion
batteries are highly advanced as compared to other commercial rechargeable batteries, in
terms of geometric and volumetric energy” [35]. Figure 2.8 clearly show the superiority
of Li-ion batteries, which is the most popular and widely used battery source in electronic
devices today. Li-ion batteries were established for use as an ESS due to their small size,
lighter weight, longer lifetime, and higher capacity [12]. However, they are still considered
a fire-hazard by the USN and they are not used in naval facilities as widely as they are used

commercially.
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Figure 2.8. Comparison of energy densities and specific energy of different
rechargeable batteries. Source [35].

Prior to determining the size of the batteries needed to sustain operation for the stand-alone

microgrid, it is appropriate to calculate the battery capacity [12].

The load power design presented in this design tool is in kWh and the Alternating Current
(AC) load is in kWh/day as shown in Figures 2.6 and 2.7. The autonomy period is another
key aspect in the battery design. It is the time period in which the load is completely powered
by a fully charged battery bank system [36]. This essentially means the battery bank will
not receive power from the PV arrays. Sizing a ESS to meet demand, “99% of the time can
easily cost triple that of one that meets demand only 95% of the time” [36]. Figure 2.9 can

be utilized to estimate the number of days of storage that can be provided by the system as
described in the guidebook [37].
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Figure 2.9. Days of battery storage needed for a stand-alone system with
95% and 99% system availability. Peak sun hours are on a month-by-month
basis. Based on Sandia Laboratories. Source [36].

The resulting equations that match Figure 2.9 as described in [36], [37] are:

for 99% availability,

Autonomy[days] ~ 24.0 — 4.73(PSH) + 0.3(PSH)?,

and for 95% availability,

Autonomy[days] ~ 9.43 — 1.9(PSH) +0.11(PSH)?,

where the “Peak Sun Hours (PSH) also known as the solar irradiance, is the number of

hours per day when the sun intensity is one kilowatt per square meter” [37].

Additionally, the ESS design considers the inverter losses through inverter efficiency, which
depends on the load [12]. Most COTS power inverters operate at approximately 90%
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efficiency, so 0.9 is used in the first cell of the design tool. In addition to the power loss, the
Direct Current (DC) bus voltage must be selected [12]. The DC bus voltage is the battery
bank DC input voltage, and the PV array voltage [12], [13]. When selecting the system
voltage the author [36] states, “One guideline that can be used to pick the system voltage
is based on keeping the maximum steady-state current drawn below 100 A, so that readily
available electrical hardware and wire sizes can be used.” Using this as a guideline, the

minimum system voltage suggestions are presented in Table 2.1.

Table 2.1. Minimum system voltages based on limiting current to 100 A.
Adapted from [36].

Maximum AC Power | Minimum DC System Voltage
<1200 W 12V
1200-2400 W 24V
2400-4800 W 48 V

To calculate the DC load in kWh/day the expression is depicted as follows,

ACLaad
Inverter E f ficiency

DCroua = (2.20)

Knowing the system voltage (Vp,s), the battery bank, as described in [12], will need to
supply

DC
Load[Ah/day at DC Bus] = —=24 (2.21)
Vius
Therefore, the unadjusted battery capacity as described in [12], is expressed as
Unadjusted Battery Capacity|Ah] = Load * Autonomy (2.22)
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Using the aforementioned design tool, the user at this point can select the type of battery
based on the battery specifications programmed into the MS excel document. In the “Battery
Specifications” section, the user must know the voltage, capacity, efficiency, the Maximum
Depth of Discharge (MDOD), and the battery type and temperature range [13]. Table 2.2
displays the battery characteristics based on model type that are programmed into the excel

document developed by [13].

Table 2.2. Models of batteries. Adapted from [12], [13].

Model Type | Voltage [V] | Capacity [Ah] | Efficiency [%] | MDOD
Trojan SPRE 12 | VRLA 12 225 98 80
225 [38]

Trojan 8D-AGM | VRLA 12 230 98 80
[39]

SimpliPhi  PHI | Li-ion 24 138 98 100
3.5 [40]

Relion Li-ion 48 100 99 100
RB48V100 [41]

Relion Li-ion 48 150 98 100
RB48V150 [42]

Relion Li-ion 48 200 99 100
RB48V200 [43]

Winston Li-ion 48 400 98 80
LFP400AHA

[44]

Winston Li-ion 48 700 98 80
LFP700AHA

[45]

Winston Li-ion 48 1000 98 80
LFP1000AHC

[46]
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Temperature is also a major factor in determining a COTS battery source since it affects the
overall battery capacity [13]. “A low discharge temperature means a smaller capacity and
steeper discharge rate which also causes a decrease in discharge voltage” [47]. However,
the battery capacity can be adjusted by the Temperature Correction Factor (TCF) [13].
Temperatures that are greater than 25° C should be kept at 1. “Deep cycle batteries intended
for PV systems are often specified in terms of their 20 h or 24 h discharge rate as well as
the much longer C/100 rate that is more representative of how they are actually used” [36].
Table 2.3 displays examples of such batteries, including their C/20 rates and various other
data [36].

Table 2.3. Example deep-cycle lead-acid battery characteristics. Adapted

from [36].
Battery Electrolyte | Voltage | Nominal (Ah) | Rate (h) | Weight (Ibs.)
Rolls Surette 4CS-17P | Flooded 4 546 20 128
Trojan T10S-RE Flooded 6 225 20 67
Concorde PVX 3050T AGM 6 305 24 91
Fullriver DC260-12 AGM 12 260 20 172
Trojan SSHP-GEL GEL 12 125 20 85

The Ah capacity of a battery not only depends on the rate, but it also depends on temper-
ature [36]. Figure 2.10 is a visual depiction of how temperature affects battery capacity. It
compares capacity of different degrees of temperature with the discharge rates to a refer-
ence condition of C/20 and 25° C [36]. As shown in Figure 2.10, in colder environments
the battery capacity decreases dramatically [36]. Cold temperatures decrease battery ca-
pacity, decrease output voltage, and increase vulnerability to the batteries freezing when
discharged [36]. Therefore, when operating in cold climates, lead-acid batteries need to be
well protected [36].
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Figure 2.10. Lead-acid battery capacity depends on discharge rate and tem-
perature. The capacity percentage ratio is based on a rated capacity at C/20
and 25°C. Source [36].

The design tool takes into consideration the data from Figure 2.10 and the TCF data
identified in Table 2.4 for the different battery types developed by [13]. Additionally, with
this design tool, the battery bank system will be properly sized and designed based on user

input.
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Table 2.4. TCF of lead-acid and Li-ion batteries. Adapted from [12], [13].

Temperature °C TCF
LA Temp>25 1
LA 25>Temp>20 | 0.98
LA 20>Temp>15 | 0.95
LA 155Temp>10 | 0.93

LA 10>Temp>5 | 0.90
LA 5>Temp>0 0.85
LA 0>Temp>-5 | 0.80
LA -5>Temp>-10 | 0.75
LA -10>Temp>-15 | 0.70
LA -15>Temp>-20 | 0.65

Li Temp=>5 1

Li 5>Temp>0 0.98
Li O>Temp>-5 0.95
Li-5>Temp>-10 | 0.92
Li-10>Temp>-15 | 0.85
Li-15>Temp>-20 | 0.77

2.4.2 PV Description Sizing

Figure 2.11 displays a generic current-voltage, or “I-V” curve for a PV array. It identifies key
parameters to include the open-circuit voltage (Vo) and the short-circuit current (Isc) [36].
Also shown is the power delivered by the module [36]. As observed from the I-V curve,
the output power is zero at both ends due to either current or voltage being zero at those
points [36]. “The Max Power Point (MPP) is the area near the knee of the I-V curve at which
the product of current and voltage reaches its maximum” [36]. The MPPT will monitor

the solar panels and determine the MPP voltage for the current conditions. By including a
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MPPT we are able to use the simple “peak-hours” approach to system sizing.

Current (A)
N
0
=
@
2
Power (W)

Maximum Power Point”"
(MPP) i

Voltage (V)

Figure 2.11. PV |-V curve. Source [36].

Figure 2.12 represents a typical solar irradiation profile [12]. The rectangular shaded area
under the curve represents the PSH for a solar irradiance of 1 kWh/m?.

26



Area within peak sun hours equals
[total solar irradiation and equals area under
solar irradiance curve

Eloowm _— /)
=
z Solar
5 irradiance
-
s Peak sun hours
©
°
w
Sunrise Noon Sunset

Time of day

Figure 2.12. Hourly irradiation curve. Source [36].

Without an MPPT the operating point is determined by the intersection of the I-V curve
for the batteries with the I-V curve of the PVs [36]. Figure 2.13 shows the daily path of
the operating point, which typically will be well below the knee where an MPPT would
operate [36]. In this case, the user would lose approximately 20% or so of potential charging

power.
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Figure 2.13. |-V curve of PVs with no MPPT. Source [36].

Asdiscussed in [12], [13] the sizing of the PV modules depends largely on the environmental
conditions because the solar irradiance and operating temperatures have a significant effect
on the performance of the PVs. “Higher temperatures slightly increase the short circuit
current, but more drastically decrease the open circuit voltage” [13]. If the short circuit
current is directly proportional to the solar irradiance that means the operating voltage
is less than the open circuit voltage [13]. The most ideal environments for PV arrays are
cool and sunny environments [36]. Using the design tool developed by [13], the MS excel
document properly sizes the number of PVs necessary based on when the PVs will be
performing at their worst due to increased temperature [13]. The design tool will determine

the overall PV design based on user input as shown in Figures 2.6 and 2.7.
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CHAPTER 3:
MICROGRID CONFIGURATIONS AND
RELIABILITY MODELING

This chapter will cover the design of the three microgrid configurations, the associated
RBDs, and the system fault trees for each configuration. Additionally, a theoretical reliability
estimate analysis will be conducted on each configuration to illustrate how having readily

available spare parts and maintenance personnel increases reliability.

3.1 Microgrid Architectures with Varying Numbers of
DERs

Different stand-alone microgrid architectures were studied to assess and compare their
reliability and resilience. Utilizing COTS DERs including batteries, PV arrays and power

converters, three different configurations were designed and assembled in the laboratory.

Each configuration was designed by gradually increasing the number of PV arrays and
reconfiguring the battery bank to the required DC voltage input of the inverter. Redundancy
was built into the design of the three microgrid configurations to evaluate its impact on the

overall reliability of the system.

All three microgrids are mobile, tactical microgrids, assembled with COTS components
that can be carried by one individual and can be easily assembled in the field, in support of
operations in locations where utility power is not available. The design for each configuration

considers the equipment specifications as outlined in Chapter 4.

3.1.1 Microgrid Configuration 1

The stand-alone microgrid system displayed in Figure 3.1 includes three 90 W/35 V PV
arrays, each connected to a MPPT through a Single Pole Single Throw (SPST) switch used

to cut off power from that specific source when conducting resilience testing as discussed in
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Chapter 4. The MPPT solar charge controllers are DC-DC converters with the functionality
of battery chargers and they are connected between the PV arrays and the battery bank
to regulate the battery charging process. The MPPT enables a PV source to operate at its
maximum power point. To ensure the maximum output current of the MPPT is not exceeded,
a 50 A circuit breaker was inserted at the output of each MPPT module as an added safety

precaution.
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N MPPT3 Batteryl Battery2
- |+ SPST ! |+— I* 504
(¥ a—

Figure 3.1. Architecture of configuration 1

The MPPTs were placed in parallel with one another due to the ability of the trackers to
act as smart controllers and internally determine the total amount of current needed to flow
to the batteries based on the overall charge of the battery bank system at any given time.
By placing the PVs in parallel, the total current becomes the sum of the currents from each
module as shown in Figure 3.2, thus increasing the charge rate to the batteries. Under ideal

conditions, Configuration 1 can supply 270 W of solar power to the system.

The 1.5 kW DC-AC power converter, or inverter, requires a 24 V DC input and since each

COTS battery module is rated 100 Ah 12 V, a series connection is necessary to provide
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24 V at the input of the inverter. Using four 12-V lead-acid batteries, a series and parallel
battery bank combination was designed as shown in Figure 3.1. An additional SPST switch
was designed into the system as a collection point for the AC data in-between the inverter
and the AC load. This specific SPST switch also provides a quick solution to cutting AC

power from the inverter for safety reasons.

3 modules
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| 1 r
2 modules I, l, Iy
1=
2 : : : 4
o |
O
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Figure 3.2. Parallel PV arrays, at any given voltage the currents add. Source
[36].

3.1.2 Microgrid Configuration 2

The second microgrid configuration displayed in Figure 3.3 differs from the first configu-
ration in the size of the DC-AC inverter, rated 3 kW, and in the addition of a second PV
panel at the input of the MPPT3 module. Additionally, since the input of the new inverter
is rated at 12 V, the battery bank system was adjusted to a 12 V configuration, where no
series connections are necessary for the 12 V battery modules. Three 12-V batteries were
placed in parallel and connected to the DC input of the inverter. The fourth battery was kept

as a spare part to increase the overall reliability of the system with redundant parts, to be
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discussed in Section 3.2.
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Figure 3.3. Architecture of configuration 2

An additional PV array was added to MPPT3. The two PV arrays were designed to be con-
nected in parallel to MPPT3; this configuration was determined to be the best configuration
in order to maximize the output current of the PV arrays connected to MPPT3 as shown
in Figure 3.2 for a parallel connection. Additionally, this gives the flexibility for MPPT3 to
continue to operate in the event one PV array fails. Under ideal conditions Configuration 2

can theoretically supply 360 W of solar power to the system.

3.1.3 Microgrid Configuration 3

The third configuration is displayed in Figure 3.5 and features an increased number of PV
arrays with respect to the previous configurations. The eight PV arrays increase the overall
DC power supplied to the microgrid. The three PV arrays connected to MPPT1 and to

MPPT2 were connected in parallel rather than in series due to the limited input voltage
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rating of the MPPT modules, which is 100 V when the output is 12 V. As shown in Figure
3.4, the series connection of three 42.6 V PV arrays would result in an open circuit voltage
of 127.8 V. The max input current of the MPPT controller is 40 A, while at max power
the current for each PV array is 2.59 A. When three PV panels are connected in parallel as
shown in 3.2, the total output current is 7.77 A, which is well within the max input current
of the MPPT controllers. The detailed technical specifications for all the COTS components

used in the microgrid testbed are presented in Chapter 4.

/
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Figure 3.4. Modules in series, at any given current the voltages add. Source

[36].

The 3 kW inverter and the 12 V battery bank are left just as they were set up in the second
configuration. Under ideal conditions Configuration 3 can supply 720 W of solar power to

the system.
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3.1.4 Reliability Block Diagram for Configuration 1

The design for each configuration includes an RBD to analyze the overall component
relationship of the system. Wires were not included in the reliability analysis of each
configuration due to failure of the wires being an order of magnitude lower than the
components identified in the models [15]. The RBD displayed in Figure 3.6 identifies the
key components of the stand-alone microgrid and shows the component relationship in a
combined series and parallel manner used for conducting reliability analysis. Using the
architecture from Figure 3.1, each PV array is connected in series with its respective MPPT.
Each serial PV array and MPPT is then connected in parallel. In each parallel branch, all
components are identical and will continue to function in the event a series component is
not working. The second branch, comprising of the 24 V battery bank system, was placed
in a series and parallel combination to meet the DC voltage requirement of the inverter.
The second branch is then connected to the inverter. The batteries are designed to have a
full state of charge prior to each experiment. The environment plays a factor in the overall

reliability analysis as it has a significant impact on the PV arrays and could impact the
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batteries and inverter depending on geographical location and where they are placed. The
mathematical approach below takes into consideration that the reliability values of specific
components are identical — that is all PV arrays, MPPTs, and the batteries (BATTs) are of
the same model and brand, and therefore their reliability is assumed to be identical.
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Rovs Reers

Lpv3 | [mPPT3 |

Figure 3.6. RBD for microgrid configuration 1

In analyzing the series network in Figure 3.6, each subsystem PV-MPPT and BATT-BATT,
the reliability of that specific component is the product of the components in series and is

expressed as

Rpym = (Rpv)(Ryppr) (3.1)

and
Rparr1 = (Rparr) (RpatT)- (3.2)

In analyzing the parallel network given that each component is identical, the reliability

expression for the 3 component system is
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Ra=1-(1=Rpy1)(1 = Rpp2)(1 = Rpy3) = 1 — (1 = Rpy)°. (3.3)

For the 2 component parallel system reliability is expressed as

Rp = Rparr1 + Rparr2 — (Rparr1) (RBATT2). (3.4)

Therefore, the combined series-parallel network can be expressed as

Rconfigt = [1 = (1 = Rpar)*1[Rearr1 + Rparra — (Rarr1) (Rparr2) | [Rivv].  (3.5)

3.1.5 System Fault Tree Configuration 1

Figure 3.7 displays the system fault tree for the first microgrid configuration where the
system at the top-level of the diagram represents the stand-alone microgrid. Flowing down
the tree using an OR logic gate, system failure will occur if at least one of the three events
occur: failure of the inverter, failure of the battery bank, or failure of the entire PV array
system. Over any given time the AND logic gate at the battery bank system requires failure
of both series connection for the entire system to fail. Given each battery bank series
connection is 24 'V, that is sufficient for the entire system. Additionally, at any given time
the AND logic gate at the PV array system requires all three connections to fail to cause
an overall system failure. Redundancy was built into the system through the battery bank
system and the PV arrays. As show in Figure 3.7, depending on the AC power output of the
inverter, the load can still support the mission duration with half of the battery bank system

and one-third to two-thirds of the PV array system.
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Figure 3.7. System fault tree for microgrid configuration 1

Figure 3.8 shows how reliability of the overall system can be increased with readily available
spare parts. Using the equations from Section 3.3, mathematically we will see a slight
increase in the overall reliability of the system with an increase in number of spares available

within a specific timeframe.
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Figure 3.8. Microgrid configuration 1 reliability diagram with spares readily
available

3.1.6 Reliability Block Diagram for Configuration 2

Similar to Figure 3.6, the RBD displayed in Figure 3.9 shows the component relationship
of the entire system for configuration 2. The key differences between the two configurations
are the added PV array to MPPT3 and the three 12-V parallel battery bank system.
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Figure 3.9. RBD for microgrid configuration 2

In analyzing the reliability of the entire system, the reliability for parallel connection of
PV3 and PV4 can be expressed as

Rpv3a = Rpys + Rpya — (Rpy3) (Rpva). (3.6)

Furthermore, the series connection of Rpy34 and Rysppr3 can be expressed as

Rpm3 = (Rpy3a) (Ruppr3)- 3.7

Therefore, the overall reliability can be expressed as

Reonfigr = [1= (1= Rppr1)(1 = Rparn) (1 = Rpas3)1[1 = (1 = Rparr)*1[Rinv].  (3.8)

39



3.1.7 System Fault Tree for Configuration 2

Similar to Figure 3.7, the fault tree depicted in Figure 3.10 indicates system failure when a
single one of three items fails: the inverter, the entire battery bank system, or the PV array
system. The battery bank system requires all batteries to fail to cause a system level failure.
Furthermore, the PV array system requires either a PV array or MPPT controller to fail in
each of the three trains to cause a failure of that subsystem. With an extra PV array on the
third train, both PV arrays or the MPPT has to fail to cause a failure of that subsystem.

i A )
A

[

Figure 3.10. System fault tree for microgrid configuration 2

Figure 3.11 shows how reliability of the overall system can be increased with readily
available spare parts. Similar to Configuration 1, we will see an increase in the overall
reliability of the system with an increase in number of spares available within a specific

timeframe.
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Figure 3.11. Microgrid configuration 2 reliability diagram with spares readily

available

3.1.8 Reliability Block Diagram for Configuration 3

The RBD displayed in Figure 3.12 shows the component relationship of Configuration 3.

Similar to Configurations 1 and 2, the reliability expression for each component can be

expressed in mathematical terms identified below. Reliability is increased with the added

PV arrays.
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Figure 3.12. RBD for microgrid configuration 3

The reliability expression for the parallel connection given all components are identical for
PV1, PV2, and PV3is

Rpvioz =1 = (1 = Rpy1)(1 = Rpy2)(1 = Rpy3) = 1 — (1 = Rpy)°. (3.9)

Thus the series combination of Rpy 23 and Ry;ppri can be expressed as

Rpui = (Rpyi23) (Rymppri)- (3.10)

The reliability expression for the parallel connection given all components are identical for
PV4, PV5, and PV6 is

Rpvase = 1 — (1 = Rpya)(1 = Rpys)(1 = Rpys) = 1 — (1 = Rpy)*. (3.11)
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Thus the series combination of Rpy4s6 and Ry ppry can be expressed as

Rpy2 = (Rpvase) (Ruppr2)- (3.12)
The parallel combination of Rpy7 and Rpyg can be expressed as

Rpv73 = Rpy7 + Rpys — (Rpy7) (Rpys). (3.13)

The resulting series combination of Rpy7g and Ry ppr3 can be expressed as

Rpm3 = (Rpy7s)(Ryppr3)- (3.14)

Therefore the overall reliability can be expressed as

Reonfigs = [1 = (1 = Rpa1)(1 = Rpp2) (1 = Rp3)1[1 = (1 = Rparr)’1[Rivv].  (3.15)

3.1.9 System Fault Tree for Configuration 3

Similar to the previous fault trees, the fault tree for Configuration 3 in Figure 3.13 shows
that the system level failure remains the same as Configurations 1 and 2. Figure 3.13 shows

the probability of failure is significantly reduced with the addition of the extra PV arrays.
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Figure 3.13. System fault tree for microgrid configuration 3

Figure 3.14 shows how reliability of the overall system can be increased with readily
available spare parts. As discussed in the previous configuration, we will see an increase
in the overall reliability of the system with an increase in number of spares available
within a specific timeframe. Multiple spare parts and personnel were readily available to
perform maintenance on the system, which increases the overall reliability of the stand-alone

microgrid.
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Figure 3.14. Microgrid configuration 3 reliability diagram with spares readily
available

3.2 Increasing Reliability with Spare Parts

The probability of success of a system to complete its mission can be increased with the
availability of spare parts. To determine the probability that a system has not failed with
readily available spare parts, given that failures can occur randomly and are exponentially

distributed as described in [30] can be expressed as

P=e¢Y+(A)e™. (3.16)

The probability of success given x number of spares available within a given time ¢ can be

simplified into Poisson expression as described in [30] as

fx) = %,ew (3.17)
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Increasing reliability of the system with spare parts does not include the downtime or ready
time of the system while specific parts are being replaced. To determine the availability of
the system to include the mean maintenance downtime will require the use of the operational

availability equation as discussed in Section 2.2.

3.3 Reliability Estimate and Comparison of the Three
Configurations

In order to estimate the reliability of the microgrid configurations, the reliability of each
component was determined using the theoretical value of 0.95 with a failure rate of 0.05
for each key component listed in the RBDs for each configuration. Utilizing the reliability
equations presented in Section 2.2, reliability can be determined for each configuration
utilizing the equations obtained from the RBD analysis. The computations below show a
quantitative analysis for reliability as well as show an increase in the reliability of the system

with readily available spare parts.

For Configuration 1, the reliability expression becomes:

R()=1-F(t)=1-(0.05) = 0.95 (3.18)
Rpw = (Rpy)(Ryppr) = (0.95)(0.95) = 0.9025 (3.19)
Rparri = (Rparr)(Rparr) = (0.95)(0.95) = 0.9025. (3.20)

Using equation (3.5), the overall reliability is
Rconfigt = [1 = (1 - 0.9025)31[0.9025 + 0.9025—

(0.9025)(0.9025)][0.95] = 0.9401.

The theoretical instantaneous failure rate A for each configuration using equation (3.16) to
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solve for A replacing P with each theoretical reliability value is

A1 =0.3580, 1, = 0.3252, 43 = 0.3238. (3.21)

Using the exponential distribution function, the probability of success given 1 spare is

available and can be replaced within 1.1 hours using equation (3.16) with x=1 and t=1.1 is

P; =0.9401, P> = 0.9494, P; = 0.9498. (3.22)
The probability of success given two spares are available and can be replaced at the same
time using equation (3.17) with x =2 and t = 1.1 is

F(x)1 = 0.0523, £(x)2 = 0.04474, f(x)3 = 0.04442. (3.23)

Therefore, the probability of success becomes 1-f(x)

P21 =1- f(x) =0.9477, P2, = | — f(x), = 0.9553, P25 = 1 — £(x)3 = 0.9556. (3.24)

Table 3.1 captures the overall increase in theoretical reliability with readily available spare
parts using the equations outlined in Section 3.2 for each configuration. We notice that the
reliability of the system increases with the availability of spare parts. However, the spare
parts analysis does not account for the downtime and various availability parameters as
previously discussed. Another important note is that these values can fluctuate based on the

availability of the spare part and the time it takes to replace them.
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Table 3.1. Theoretical probability of success with spares available for each
configuration

2 spares replaced at

Configuration | R(t) A 1 spare within 1.1 hrs. | the same time within
1.1 hrs.
0.9401 | 0.3580 0.9401 0.9477
0.9494 | 0.3252 0.9494 0.9553
0.9498 | 0.3238 0.9498 0.9556
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CHAPTER 4
EXPERIMENTAL MEASUREMENTS AND RESULTS

This chapter presents the experimental setup and the outcome of the stand-alone microgrid
experiments for the microgrid configurations discussed in Chapter 3. The goal of the
experiments is to evaluate the time to failure of each microgrid configuration and how the

different configurations perform with respect to each other.

4.1 Experimental Microgrid Set-up

A microgrid testbed was setup in the laboratory to perform resilience testing on the three
different microgrid configurations described in Chapter 3. This section presents the main
COTS components used to assemble the stand-alone microgrid and the measuring instru-
ments used to collect the experimental data. A notional block diagram of the stand-alone
microgrid is displayed in Figure 4.1 and it shows the key elements used in the experimental
testbed.

MPPT
Chage

” . Contrdler
I

Figure 4.1. Notional block diagram of the experimental setup, each config-
uration consists of varying amount of PVs and Batteries
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4.1.1 Microgrid COTS components

This section presents and discusses the following COTS components used to assemble the

three experimental microgrid configurations for the resilience experiments:

PV panels
MPPT modules

lead-acid batteries

circuit breakers

DC-AC converters (inverters)

The PV panels are Solartech arrays with a maximum power rating of 90 W each and include

36 high efficiency polycrystalline solar cells per panel [48]. The detailed specifications are

listed in Table 4.1 and a photograph is shown in Figure 4.2

Table 4.1. Specification of the PV arrays used in experiment. Adapted from

[48].
Manufacturer Solartech Power, Inc.
Model Number SPMO090P
Rated Maximum Power (P,;,y) 90 W
Current at Py (Ipnp) 259 A
Voltage at Ppay ~ (Vinp) 350V
Short-Circuit Current (Z.) 272 A
Open-Circuit Voltage (V,.) 42.6 V

Solar Cells

36 cells in a 4x17 matrix connected in series
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Figure 4.2. Solartech PV array. Source [48].

The MPPT modules are EPEVER Tracer4210AN MPPT Solar Charge Controllers each of
which consist of a DC-DC converter that regulates the charge of the battery bank, and can
quickly track the maximum power point of the PV arrays and obtain the maximum power
output from the PV arrays under any conditions. There are several different battery voltage
control parameters within the MPPT modules based on the battery type and battery voltage
that the user can modify. The battery voltage control parameters selected for the experiments
were the lead-acid sealed parameters for the 12 V battery bank system and those values were
doubled for the 24 V battery bank as per instructions in the user manual [49]. Communication
of the modules is primarily through the MT50 remote meter which displays various operating
data and system level faults. The remote meter is an extension of the MPPT module that
allows the user to visually display data through the Liquid Crystal Display (LCD) screen
about the system or adjust system parameters as needed [49]. The detailed specifications

are listed in Table 4.2 and a photograph is shown in Figure 4.3
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Table 4.2. Specification of the tracer4210 MPPT solar charge controller used
in experiment. Adapted from [49].

Manufacturer EPEVER
Model Number Tracerd210AN
Sealed (default)
Batt tibilit Gel
attery compatibili
Y P Y Flooded
Lead-acid batteries
Rated Charge Current 40 A
520 W/12 VDC
Rated Charge Power
1040 W/24 VDC
Max. PV input current  (Z;;pu:) 40 A
o 100 V/12 VDC
Max. PV Open-Circuit Voltage (V)
92 V/24 VDC
Solar Cells 36 cells in a 4x17 matrix connected in series

Sem

+ @ - v E@- + D -
Joms, com

CEPEVER Tracer

SELECT

Figure 4.3. Tracer4210AN MPPT solar charge controller. Source [49].

52




The batteries used in the experimental setup are lead-acid 12 V 100 AH Deep Cycle AGM

and uses 200 cycles at 80% discharge with the specifications outlined in Table 4.3 and a

photograph shown in Figure 4.4 [50].

Table 4.3. Specification of the 12 V 100 AH deep cycle AGM. battery.
Adapted from [50].

Figure 4.4.

Manufacturer Werker
Model Number | WKDCI12-100PUS
Voltage 12V
Lead-Acid Type Deep Cycle
Capacity 100 AH
Product Category | Sealed Lead-Acid

12 V 100 AH deep cycle AGM battery. Source [50].

The SPST switches used in the experimental setup are circuit breaker magnetic (hydraulic

delay) 30 A 80 V DC toggle panel mount switches manufactured by Sensata-Airpax, part
number 723-1400-ND. The specifications for the circuit breaker are listed in Table 4.4 and
a photograph is shown in Figure 4.5.
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Table 4.4. Specification of the circuit breaker magnetic-hydraulic lever.
Adapted from [51].

Manufacturer Sensata-Airpax
Voltage Rating - DC 80V
Current Rating 30A
Actuator Type Toggle
Number of Poles 1

Figure 4.5. Circuit breaker magnetic-hydraulic lever. Source [51].

A key element of the microgrid is the DC-AC power converter, or inverter, which converts
the DC voltage at the output of the batteries to the AC voltage required by the loads. Two
inverters were used in the three microgrid configurations: one rated 1500 W and the other
rated 3000 W. Both DC-AC converters used in the experimental setup are manufactured by
AIMS Power and their specifications are outlined in Table 4.5. Photographs of the inverters

are shown in Figure 4.6.
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Table 4.5. Specification of the DC-AC power inverters. Adapted from [52],

[53].
Manufacturer AIMS Power
PWRI150024S
Model
PWRI300012120S
24V (19-32V)
DC Input Voltage
12V (9.8-16V)
1500W
Output Power
3000W
Efficiency >90%
DC 19.6 + .5V
Battery Low Alarm
DC9.8 + .3V
DC19+1V
Battery Low Shutdown
DC9.5 + .5V

(a) 1500W (b) 3000W
Figure 4.6. DC to AC Power Inverters. Adapted from [52], [53].

The AC critical load consisted of several items obtained from the laboratory. A list of items

and power consumption details are listed in Table 4.6. The metered variac and the space
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heater were connected to serve as an AC variable load up to 1.5 kW. When the metered
variac and space heater were powered together, that adjusted power was not considered a
part of the critical load. A photograph of the load is shown in Figure 4.7. When all items
were connected, the measuring instrument displayed 222 W of AC power consumed due
to the internal resolution of the instrument. The AC critical load was established as the

baseline AC power consumption required to achieve mission success.

Table 4.6. AC critical load description

Devices AC Power Consumption | Time | Total Energy
Sony CFS-220 radio 12W 24 h 288 Wh
Desk Fan 48 W 24 h 1152 Wh
LED Lights 36 W 24 h 864 Wh
Halogen Lamp T2 W 24 h 1728 Wh
Vivo Mini V66 Mini PC 24 W 24 h 576 Wh
Dell 19" LCD Monitor 48 W 24 h 1152 Wh

Metered Variac Autotrans-

former and Space Heater 2w 24h 288 Wh
JBL-GO Wireless Bluetooth Speaker 12W 24h 288 Wh
Total 264 W 24 h 6336 Wh
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Figure 4.7. AC critical load display

4.1.2 Measurement Instruments

The microgrid testbed includes some measuring instruments necessary to the data collection
during the experimental tests. A Fluke 434 Power Quality Analyzer was used as the primary
source of data collection. There are multiple channels that can be used to capture data based
on the wiring configuration of the Fluke 434. The 1@ +Neutral is a single phase with neutral
wire setting that is viewed in Channel A in Figure 4.8 (a) [54]. The 10 Split Phase wire
setting is a split phase configuration that displays two channels, Channel A and Channel B
as shown in Figure 4.8 (b) [54]. For configurations 1 and 2, the 1) +Neutral setting was
used and Channel A collected the AC data as shown in Figure 4.8 (a). Configuration 3 used
the 19 Split Phase wire setting; Channel A collected the AC data while Channel B collected
the DC voltage only. The Fluke 434 power quality analyzer is designed to collect only AC
data, however, it was determined that the DC voltage of the system could be captured and
recorded as well. The third configuration utilized the Fluke 434 voltage meter to capture the
DC voltage along with AC data.
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(a) Channel A (b) Channel A and B

Figure 4.8. Fluke 434 power quality analyzer

The settings of the Fluke 434 used during the experiment are displayed in Table 4.7. All data
captured by the Fluke 434 was collected using the powerlog software in [55], which captured
data in real time. “The Fluke PowerLog allows users to download recorded data from the
Fluke 434 Power Quality Analyzer to a workstation” [55]. The software also provides users
with the ability to generate data tables and graphs and to export data to other programs [54],
[55].
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Table 4.7. Fluke 434 settings

) 19 +Neutral
Configurations .
10 Split Phase
Frequency 60 Hz
Nominal Voltage 120V
Voltage Ratio 1:1
Current Ratio 1:1

The MPPT Solar Charge Controllers captured the current and voltage at the output of the
PV arrays and at the input of the batteries. All data captured was displayed by the MT50
remote meters directly connected to the MPPT modules. Photographs of the MT50 meters
and their setup on the microgrid testbed are shown in Figure 4.9. The MT50 remote meters
are a visual display of the voltage and current of both the PV arrays and the batteries and also
show the battery state of charge levels at any given time. The 24 V battery voltage control
parameters for the MPPT were used as previously discussed [49]. A 7-in-1 bidirectional
volt amp meter DC 0-90 V 300 A, part number 200536FBA, was used to monitor the DC

voltage and current at the input to the power inverter as shown in Figure 4.10.
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(a) MT50 Remote Meter (b) MT50 Remote Meters and
MPPT SCCs

Figure 4.9. MT50 remote meters and MPPT solar charge controllers

Figure 4.10. Bidirectional volt/amp meter

4.2 Experimental Measurements

All experiments were conducted in Monterey, California from April to June 2022. The

average solar radiation for the three months is approximately 6.2 kWh/m?/day based on the
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graph shown in Figure 4.11. Figure 4.12 depicts a solar map of the United States showing
the estimated PV power potential daily and yearly.

Monthly Solar Radiation Values in Monterey
—— Solar Radiation Average in Monterey

7
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£
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Maonth
Figure 4.11. Solar radiation data in Monterey, CA. Source [56].
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Figure 4.12. PV Power Potential in the United States of America. Source
[57].
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Several non-destructive experiments were conducted in the laboratory to observe the per-
formance of the three microgrid configurations when various faults were simulated, such
as failure of a solar panel or other key component. The goal is to compare the resilience
of the three configurations by analyzing how the system and its components adapt to the
changing environment and its ability to recover from those disruptive events [10]. Addition-
ally, reliability of the system was tested through back-to-back experiments to determine the

probability of success for each subcomponent.

A total of forty-four different experiments were conducted increasing and decreasing the AC
power consumed to observe how the three microgrid configurations respond when a fault is
simulated. The experiments aim to assess the time between the occurrence of a simulated
fault and the failure of the system, where failure is defined as the unavailability of sufficient
power for the critical load. This relates to the mission success, as it is defined as the ability
of the microgrid to service AC critical loads for the entire duration of a military operation.
In this case, providing enough energy to sustain operations throughout a 15-hour work day.
In the field, a normal workday is 12-hours, however, for leadership the workday is extended
due to debriefs, planning, and refining products for the next day. That could take anywhere

from 2-3 additional hours which is why 15 hours is listed.

The experiments were performed on the three microgrid configurations with several electri-
cal loads functioning as the AC critical load established as the baseline AC power consump-
tion required to achieve mission success. The critical load includes the AC devices listed in
Table 4.6 and shown in Figure 4.7. During the experimental testing the AC power consump-
tion was increased in increments beyond the established baseline AC power consumption
until the maximum rated power of the inverter was reached. Each AC power increment was
tested multiple times and ran until the system failed in order to obtain the average operating
times. The goal was to test the reliability and resilience of the overall system in order to

determine mission success when operating at various power consumption.

All components with the exception of the PV arrays were indoors under ideal indoor
temperatures for Monterey County at approximately 86 feet above sea level [58]. The desk
fan was utilized as an added cooling source for the power inverter to prevent overheating.
Once the power inverter reached the undervoltage limit as stated in Table 4.5, it shut off and

the batteries had to be recharged.
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4.2.1 Resilience Experiments with Configuration 1

Sixteen different experiments took place over 16 days, both day and night for microgrid
Configuration 1. The baseline AC critical load consumed approximately 200 W of AC power
and did not include the Light-Emitting Diode (LED) lights and the halogen lamp during
testing due to availability of gear at the time. Table 4.8 displays the experimental parameters
for Configuration 1, including power consumption, total time to failure of the system, and

the peak solar irradiance for that day.
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Table 4.8. Experimental data for configuration 1

Test AC Power Consumption | Time to Failure | Peak Solar Irradiance
Day 1 1513 W 1.33h 1101 W/m?
Night 1 1513 W 1.22h
Day 2 1513 W 1.33h 513 W/m?
Night 2 1513 W 1.03 h
Day 3 1513 W 1.35h 1013 W/m?
Night 3 1513 W 1.03 h
Day 4 1513 W 1.42h 1108 W/m?
Night 4 1513 W 1.17 h
5 200 W (AC Critical Load) 21.1h 956 W/m?>
6 330 W 8.33h 1118 W/m?
Day 7 710 W 3.38h 970 W/m?
Night 7 710 W 2.7h
Day 8 1080 W 2h 1110.2 W/m?
Night 8 1080 W 1.78 h
Day 9 1513 W 1.13h 1090 W/m?
Night 9 1513 W 1.07 h
10 200 W (AC Critical Load) 19.12h 1060 W/m?
11 330 W 8.4h 1049 W/m?
Day 12 710 W 3.72h 1028 W/m?
Night 12 710 W 2.08 h
Day 13 1080 W 2.55h 1117 W/m?
Night 13 1080 W 1.63 h
Day 14 1513 W 1.33h 1015 W/m?
Night 14 1513 W 1.07 h
15 Varied 10.72 h 968 W/m?
16 Varied 12.38 h 413 W/m?
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All plots were similar with different variations in the time to failure of the system. Figures
4.13 - 4.15 display the experimental plots created with Matlab using the exported data from
the Fluke PowerLog software for Test 10, while the load was drawing 200 W as shown in
Table 4.8. Figures 4.13 and 4.14 display the Root Mean Square (RMS) voltage and current
as well as the power measured at the load. The spikes in Figures 4.14 and 4.15 were due
to moving the computer mouse to wake the computer up. We also notice the AC voltage,
current, and power all begin to drop around 18.78 hours into the experiment and goes to
zero after 19.12 hours of operating. After sunset, the microgrid was able to support the
critical load for a total of 9.35 hours. The amount of power supplied by the PV arrays for
that particular day was approximately the same as the power drawn by the load, therefore,
the load was not supported by the microgrid indefinitely due to incorrect sizing of the
critical load. However, the load was able to meet mission success and supply enough power
to support a 15-hour work day. The system powered off after the power inverter reached
the undervoltage limit of 19 V as indicated in Table 4.5 for the 24-V battery bank system.
This indicates that the critical load should be reduced at night in order to sustain operations
throughout the night with Configuration 1 and the operating conditions of Test 10 from
Table 4.8.
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Figure 4.13. Experimental voltage plot for test 10 (AC power increment 200
W)
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Figure 4.14. Experimental current plot for test 10 (AC power increment 200
W)
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Figure 4.15. Experimental power plot for test 10 (AC power increment 200
W)

Tests 15 and 16 of Table 4.8 executed a stress test, which consisted of a series of steps
designed to see how the system responds to its changing environment and its ability to

recover from disruptive events. The steps are described here:

* A portion of the PV arrays were covered for one hour to simulate solar obstruction of
the panels,

» Each SPST switch was turned off in one-hour increments for a total of 3 hours until no
solar power was supplied to the system to simulate failure of that PV array subsystem,

* The AC power supplied to the system was stepped up to the maximum power con-
sumption of 1513 W and was held for 15 consecutive minutes of an hour to simulate

power fluctuation,

68



* The test concluded by turning back on the SPST switches and reducing the AC power

to the 200 W baseline power consumption after 3 hours of testing.

After the conclusion of the stress test, the system remained on at the baseline power
consumption until the power inverter shut off due to reaching the undervoltage limit. Figures
4.16 - 4.18 display the results obtained from Test 16 of the stress test as shown in Table 4.8.

Test 16 Stress Test (AC Power Varied)
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Figure 4.16. Experimental voltage plot for the stress test
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Figure 4.17. Experimental current plot for the stress test
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Figure 4.18. Experimental power plot for the stress test

Throughout the 16 different experiments conducted for Configuration 1, no components
failed randomly, the system became unavailable when the batteries were depleted. When
failure was not simulated, all components operated nominally and were functional when
called upon to work. Once the batteries were recharged, the microgrid was operational
and ready for use. Equation (4.1) shows the number of hours it would take to recharge
the batteries at the charging current rate for Configuration 1 using only the supplied solar
energy. The total charging current was approximately 8 A. After depleting the batteries
multiple times and recharging using only solar energy, it was observed that it would take 2

days to recharge the batteries to a full state of charge.
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Cban‘ _ 100 Al’l
Isupplied 8A

Battery charging time (h) = =12.5h. 4.1

With the use of a rechargeable battery source, the BK precision high power programmable
DC power supplies model XLLN3640 plugged into 120 AC mains power, the batteries would
charge in approximately 3 hours. The settings of the rechargeable battery source were set to
24 V and 35 A. Equation (4.2) shows the time it would take to recharge the batteries with
the added rechargeable source. This significantly reduced the recharging time of the battery
bank.

Cball _ 100 Al’l
Isupplied B 35A

Battery charging time (h) = =2.86 h. 4.2)

The total operating time for each test in Configuration 1 is 114 hours, and the number of

failures/stoppages of the system was 21.

4.2.2 Resilience Experiments with Configuration 2

Eight different experiments (tests 17 - 24) were conducted on microgrid Configuration 2
and resulted in the data listed in Table 4.9. Initially, the baseline AC critical load was
tested. Then the AC variable load was used to increase the power consumption to continue
with reliability and resilience testing of the system. The added PV array contributed to the
increase in the overall solar power; however, the 3-kW power inverter and the 12-V battery
bank system pulled a larger amount of DC current (double that of the previous configuration)
to support each AC power consumption. This resulted in lower total operating time of the
system. The 3-kW inverter with the 12-V battery bank for the baseline power consumption
(the AC critical load) was drawing approximately 20 A of DC current. Whereas the 1.5-kW
inverter with the 24-V battery bank for the baseline power consumption (the AC critical

load) was drawing approximately 9.5 A of DC current.
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Table 4.9. Experimental data for configuration 2

Test | AC Power Consumption | Time to Failure | Peak Solar Irradiance
17 | 222 W (AC Critical Load) 155h 1027 W/m?
18 607.95 W 2.63h 1022 W/m?
19 1198.5 W 1.33h 997 W/m?
20 1722.16 W 09h 1030 W/m?
21 Varied 6.68 h 1015 W/m?
22 | 222 W (AC Critical Load) 16.65 h 1024 W/m?
23 607.95 W 3.12h 1077 W/m?
24 Varied 8.73h 935 W/m?

For the 3-kW power inverter, the maximum power consumption that was tested was 1.7 kW
due to the system not lasting more than an hour under higher power loads. Figures 4.19 -
4.21 from Test 20 show a gradual decrease over time until the power inverter shut off at 0.9
hours of operating at 1.7 kW of AC power. This power consumption was operating at 57%

of the inverter power rating.
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Figure 4.21. Experimental power plot for test 20

The total operating time of the system given 8 different experiments was 56 hours and
resulted in no random component failures, the system became unavailable when the batteries

were depleted. The number of failures/stoppages of the system was 5.

4.2.3 Resilience Experiments with Configuration 3

The third microgrid configuration includes 8 total PV arrays producing the greatest amount
of solar energy of any configuration. The experiments conducted with this configuration
are summarized in Table 4.10 (tests 25-34) and follow the same procedure applied to the
previous configurations. Figures 4.22 - 4.24 display the results obtained with the experiment

conducted at the 608 W power consumption (test 26). It was noticed that the voltage rapidly
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oscillated towards the end of the discharge cycle. The DC voltage began to fluctuate at the

same rate as the AC voltage until the inverter shut off.

Table 4.10. Experimental data for configuration 3

Test | AC Power Consumption | Time to Failure | Peak Solar Irradiance
25 | 222 W (AC Critical Load) 15.22h 1132 W/m?
26 607.95 W 7.05h 1075 W/m?
27 | 222 W (AC Critical Load) 14.5h 1066 W/m?
28 | 222 W (AC Critical Load) 15.12h 1080 W/m?
29 1198.5 2.12h 1107 W/m?
30 1198.5 W 1.75h 1113 W/m?
31 1198.5 W 2.95h 1109 W/m?
32 607.95 7.7h 1105 W/m?
33 1722.16 W 1.72h 1050 W/m?
34 1722.16 W 0.63 h 1070 W/m?
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Figure 4.22. Experimental voltage plot for test 26
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Figure 4.24. Experimental power plot for test 26

The total operating time of the system given 10 different experiments was 69 hours and
resulted in no random component failures, just nonavailability of the batteries due to
depletion of charge as previously stated. The number of failures/stoppages of the system

was 8.

4.3 Microgrid Resilience Analysis

A total of 34 experiments were conducted over the three different configurations resulting
in 239 hours of reliability and resilience testing under various load conditions. In the total
amount of elapsed time, no components randomly failed. The inverter powered off after

reaching the undervoltage limit making the system not available until the batteries could
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be recharged for each test. Once the batteries were recharged, the system became available.
In analyzing the reliability of each subcomponent of the system based on the load, the
critical load reached mission success by providing enough energy to sustain operations
throughout day and into the night. However, the critical load would need to be reduced
to cover continuous operations. The stand-alone system for each configuration adapted to
the changing environment and continued to perform despite multiple simulated faults and

continuous testing of the system.

As the critical load is increased, user should keep in mind the sizing of the system in order to
ensure enough energy is provided for mission success. Configuration 3 was the most resilient
due in part to the 8 PV arrays added to the system providing more input power as displayed
in Table 4.11. The added PV arrays charged the ESS at a faster rate than Configurations 1
and 2 which supplied enough energy to the critical load for mission success. Equation (4.3)
shows the charging time of the batteries based on the added PV arrays for Configuration 3.
This resulted in faster turnaround times for the availability of the system.

Cball

Isupplied

100 Ah

=455h.
22 A

Battery charging time (h) =

4.3)

Table 4.11. Total data for each configuration

Configuration | Total Total Total Total
PV PV BATT BATT
Current | Power Current | Power
1 8 A 240 W 10 A 240 W
2 10 A 278 W 22 A 276 W
3 22 A 665 W 499 A 659 W
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4.4 Availability

Availability is a key aspect in stand-alone microgrid analysis. As previously discussed,
operational availability was applicable for this research and was determined based on the
maintenance cycle of the subcomponents. The data below depicts the mean maintenance
times computed for this experiment. Using equation (2.8) as previously discussed in Section

2.2, the operational availability of the system as described in [16] is

MTTR = 0.5 hour
* Mean active corrective preventive maintenance time = 0.33 hour

* Mean logistic time = 0.75 hour

Mean administrative time = 0.4 hour

MTBM = 79 hours for either corrective or preventive maintenance actions
RT = 3 hours

MTBM + RT 79 +3

A() = =
MTBM + RT + MDT ~— 79 + 3 + (0.33 +0.75 + 0.4)

=(0.9823. 4.4)

The COTS products used in this research along with the different configurations allowed
the system to meet mission success. A properly sized stand-alone microgrid system that is
capable of responding to environmental changes and load fluctuation will supply enough

power to support the mission and is a viable option for mobile military units.
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CHAPTER b:
CONCLUSION AND FUTURE WORK

This thesis conducted a reliability and resilience analysis of a stand-alone microgrid using
COTS DERs products. A multitude of laboratory experiments were designed to experi-
mentally assess the practicality of a stand-alone microgrid to support mobile military units
in locations where utility power is not available or is compromised. Three different con-
figurations were designed and tested in the laboratory to observe the performance of the
stand-alone microgrid when various faults were simulated to evaluate the time to failure

and the overall resilience of the microgrid.

The number of PV arrays were increased for each configuration resulting in greater input
power of the system to support the critical load. The critical load, consisting of everyday
items found in a household, reached mission success for each configuration because the
system was able to supply enough energy to sustain operations. However, the system was
not able to sustain operations indefinitely and the microgrid powered off after the inverter
reached the undervoltage limit due to the batteries reaching a low state of charge. The third
configuration consisting of 8 PV arrays was observed to be the most resilient due in large
to the greater amount of solar energy supplied to the system and its ability to recharge the

batteries at a faster rate than configurations 1 and 2.

Throughout the experiments, no components randomly failed. The stand-alone microgrid
became not available when the batteries fell to a zero state of charge. Upon recharging
the batteries to a 100% state of charge, the system became available. This resulted in a
theoretical reliability estimate analysis of the system based on a 95% success rate of each
subcomponent. Using the exponential model, a reliability estimate of each configuration
was determined, it was also shown by having readily available spare parts and maintenance
personnel the overall reliability of the system increases. Additionally, operational availability
of the system was analyzed based on the various maintenance components to determine the

overall availability of the stand-alone microgrid.
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5.1 Future Work

The laboratory experiments presented in this thesis should be extended to continue the
experimental resilience evaluation of mobile standalone microgrids. Identical and repeated
tests should be designed for all configurations to support resilience models and analysis
developed in previous work such as [4], [5]. The reliability analysis should be expanded

with manufacturer reliability data for the COTS components.

Using the design tools developed by [12], [13] engineers could design other stand-alone
microgrid configurations using hybrid ESS to include fuel cells to bridge the gap in coverage
at night when no solar energy is available. Hybrid microgrids could also be tested adding a

generator to the stand-alone systems analyzed in this thesis.

Additional future work could include testing of DC stand-alone microgrids, where inverters
are not required with the consequent increase in overall system reliability as well as effi-
ciency. The DC microgrid testing could be performed using a programmable DC electric

load or various DC loads.
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