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ABSTRACT 

 This thesis develops a physics-based model to aid in the design of microgrids for 

the Department of Defense. The research conducted falls directly in line with efforts to 

minimize dependence on the utility grid while providing a secure and reliable power 

network for military facilities and operations. The model is used to simulate the 

performance of a microgrid under different load conditions and geographic scenarios. It 

also presents a methodology for processing historical solar irradiance data to estimate 

future power contribution from a photovoltaic array for a specific geographical location. 

The model implements an energy management system that controls the microgrid based 

on monitored values of the components. The results of the simulation outputs are 

validated against measurements taken from an experimental, commercial off-the-shelf 

microgrid. The validated model is a valuable tool for the design of future microgrids. 
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CHAPTER 1:
Introduction

The objective of this thesis is to validate a physics-based simulation of microgrid perfor-
mance based on an experimental microgrid. The ability to simulate an energy system that
provides power to consumers allows designers to accurately plan for the resources needed
to build such a system. A microgrid is a desirable energy framework in the military because
it ties different energy sources together to provide reliable power for military operations.

1.1 Motivation
The motivation behind this research is to develop a physics-based model validated by exper-
imental observation into a design tool for planning energy solutions for military operations.
The Department of the Navy (DON) operates in environments in which it must be able
to sustain itself for extended periods of time. Future engagements will require units to
deploy from ships to expeditionary operating areas with little to no support from supply
chains. A critical component required to conduct their operations is energy. Energy may be
harnessed from various sources, but regardless of source, a significant part of that energy
is converted to electricity for uses ranging from powering command and control centers,
sensors, weapon system platforms, water purification, and logistical support. The chal-
lenge then becomes developing the means by which the Navy and Marine Corps produce
their own reliable electrical power for extended periods of time with minimal reliance on
supply chains—specifically the giant burden of transporting fossil fuels. The benefit of
self-sufficient energy production in military applications from a security, not to mention
economic, standpoint cannot be understated [1]. Microgrid technology may be part of the so-
lution to this challenge due to the incorporation of diverse energy sources and prioritization
of renewable energy.

1.2 Research Objectives
The research conducted through the development of this thesis serves to address the fol-
lowing objective: build a physics-based model to simulate the performance of the different
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components of a microgrid. This model will be tested against the experimental hardware
measurements to compare the accuracy of the simulation. The experimental model used to
validate the performance of the simulation will be the Naval Postgraduate School (NPS)
microgrid composed of photovoltaic panels, lead-acid batteries, a gasoline generator, an
inverter-rectifier, and a programmable load [2]. Because solar irradiance data play a large
role in the output power of photovoltaic (PV) arrays, the simulation will reference historical
irradiance data for a geographical location to help predict future solar energy.

1.3 Related Work
Early microgrid technology dates back as early as the late 19th century but began gaining
traction around the turn of the 21st century in search of increasing reliability on the central
grid [3]. As the civilian sector continues to develop microgrids for resilience and reliability
of the commercial grid, the military also explores to create its energy independence for
both bases and forward deployed environments. In 2012, the Marine Corps Expeditionary
Energy Office conducted research into the energy usage of a forward operating base (FOB)
in Afghanistan [4]. This study measured energy usage of a deployed unit in an effort to
better understand the average energy requirement of a standard unit and how it might be
met using hybrid systems in lieu of depending solely on diesel generators.

Studying the works of others on microgrids, including the work conducted on the NPS
microgrid, has set the foundation for the work ahead in this thesis. Lindstrom’s work
characterized the performance of a mobile microgrid in two different modes of operation—
islanded and grid-connected [5]. He tested the microgrid against four different load sizes
using commercial space heaters to compare the response and document his results. His
testing on using the grid-connected mode, however, did not include any autonomous control
system to switch the system from islanded to grid mode, only manual engagement of grid
support.

In 2020, Fish conducted research in designing and modeling a microgrid using measured
data of load profiles in an arctic region to develop a control algorithm to prioritize renewable
power over fossil-fuel powered generators [6]. Her computer model sought to predict the
behavior of a PV array and a battery bank backed up by an emergency diesel generator (EDG)
in order to design the components of a microgrid for a user-specified load requirement. She
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also used the NPS microgrid to validate her model, but only observed the response of an
applied load to the PV array and battery bank without the generator support. Ultimately
she validated her model for the response of the PV array and provided a starting point for
research exploring the use of other energy sources to supplement power for greater loads
when the PV array alone could not reliably support a requirement.

The works above are the starting point for the research in this thesis. It will fill the gaps
of research by mathematically modeling a microgrid incorporating specific hardware and
environmental data into a simulation. This work will also reference Institute of Electrical
and Electronics Engineers (IEEE) Std 1547-2018, which defines the parameters that inter-
connected distributed energy resources (DERs) must meet, to validate whether findings are
within the governing standards [7]. It is important to adhere to military standards through-
out the research and design of system in order to ensure that designed loads for military
applications are compatible with the energy system that will be powering them.

1.4 Thesis Organization
The remainder of this thesis is organized as follows. Chapter 2 introduces microgrids and
discusses the different types of microgrids and the modes in which they operate. Chapter
3 introduces the physics-based model and implementation in MATLAB Simulink. It then
discusses the simulation outputs for several different trials to showcase its performance. In
Chapter 4, results of the simulation are compared to the data measurements taken from the
NPS microgrid in a trial with similar parameters. Lastly, Chapter 5 discusses concluding
results and explores future work in this field of research.
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CHAPTER 2:
Background

This chapter describes the architecture of microgrids, their different modes of operation,
and their application within the DON.

2.1 Microgrids
As Varley describes, “Microgrids are electrical grid networks that... provide their own
sources of power generation such as EDGs or PV arrays” [8]. These networks link multiple
DERs and loads, and can operate connected to or independently from the utility grid.
Microgrids take advantage of the use of renewable energy and energy storage to provide
reliable power while minimizing reliance on power from the utility grid.

There are three different types of microgrids: alternating current (AC), direct current (DC)
and hybrid. The difference between these microgrid architectures is how power is distributed.
The two most common microgrid architectures are shown in Figure 2.1.

Figure 2.1. Basic DC and AC Microgrid Architecture. Source: [9].

As the name suggests, a DC microgrid has a DC bus to which different DC loads or sources
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are connected. Any AC load or source requires a power converter to interface to the bus. DC
loads or sources may also require a power conversion stage to regulate the DC voltage. An
AC microgrid distributes power via an AC bus. Whereas AC sources and loads are connected
directly, DC loads require a rectifier and DC sources require an inverter to interface with
the AC bus.

Hybrid microgrids are a combination of these two types to bridge the capability or stan-
dardization gap in current infrastructure. An example of a hybrid microgrid is shown in
Figure 2.2 and it “consists of [AC] and [DC] networks connected by a bidirectional con-
verter” [10]. Unless a proposed network will incorporate AC or DC components exclusively,
a hybrid microgrid offers the greatest versatility for adding components to the network. The
experimental portion of this thesis is conducted on a hybrid microgrid.

Figure 2.2. Example Hybrid Microgrid Architecture. Source: [10].

Microgrids can also be classified by how they are configured to interact with the utility grid.
A microgrid operates in grid-tied or autonomous (often referred to as islanded) modes [11].
A microgrid that is grid-tied is connected to the utility grid and can be mutually supporting.
When a microgrid is in islanded mode it is not connected to the utility grid and provides all
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of its power internally to its network. The simulation developed in this thesis can easily have
the ability to replicated both modes of operation; however, due to the equipment limitations
this thesis will focus on operating in the islanded mode.

Another aspect that microgrids have the potential to provide is a layer of security within its
power network. Due to its independence from the utility grid, a microgrid can isolate itself
from aberrations in the utility grid power resulting from not only environmental disasters
but also cyberattacks on infrastructure. This buffer provides a level of security by nature of
its inherent architecture.

2.2 Microgrids in the Department of Defense
The importance of microgrids in the DON is highlighted by recent efforts outlined in the
Department of the Navy Climate Action 2030. The role microgrids play in these efforts
are identified as providing secure energy resilience that also mitigates carbon pollution
[12]. Marine Corps Air Station Miramar, CA, is showcased as the exemplary installation
incorporating microgrid technology to accomplish the efforts identified in Climate Action
2030. The use of renewable energy sources and microgrid technology cut the installations
use of utility grid power nearly in half.

Microgrids serve a purpose not only on permanent installations but also on forward deployed
operations. The United States Army showcased this concept in their development of mobile
microgrids [13]. Mobile, also referred to as tactical, microgrids can offer the benefit of
secure, resilient power that greatly reduces the toll on the logistics of transporting bulk fuel.

Ongoing research and development is leading to wider adoption of microgrid technology in
the Department of Defense (DOD). NPS has used its own specifically designed microgrid
using commercial off the shelf (COTS) equipment for students to test the implementation of
microgrids for military applications [2]. This thesis research uses that microgrid to further
the efforts to incorporate this technology for the DOD.
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CHAPTER 3:
Physics-Based Modeling and Simulation

This chapter comprises the microgrid physics-based model description and the simulations
of its performance for one or more days of operation under different operating conditions.

3.1 Power Flow Model
To create the physics-based model of a microgrid it is important to be able to describe
its operation mathematically. Figure 3.1 highlights the power converter in the microgrid
schematic and the assumption that it is an ideal system, where the energy entering the
system is equal to the energy leaving the system, neglecting losses and inefficiencies.

Figure 3.1. Power Flow Model

Because energy in and out is under the same time step, it follows that the power in equals
the power out of the system from each energy source. This derivation is shown in (3.1) and
(3.2).

9
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𝐸𝑖𝑛 = 𝐸𝑜𝑢𝑡 (3.1)

𝑃𝑖𝑛 = 𝑃𝑜𝑢𝑡 (3.2)

𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦 + 𝑃𝑃𝑉 + 𝑃𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 + 𝑃𝑔𝑟𝑖𝑑 = 𝑃𝑙𝑜𝑎𝑑 (3.3)

Equation (3.3) governs the operation of the microgrid to model the flow of energy and
availability of charge in the battery bank, also referred to as battery energy storage system
(BESS). The power converter in Figure 3.2 sums the power from each energy source to
equal the power going to the battery according to the following equation:

𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝑃𝑙𝑜𝑎𝑑 − 𝑃𝑃𝑉 − 𝑃𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 − 𝑃𝑔𝑟𝑖𝑑 (3.4)

Because the experimental model used in this thesis will be operating in islanding mode,
the power from the grid is set to zero in Equation 3.4. Simulations for grid-tied microgrids
would include a block serving as the utility grid power. Dividing the sum of powers by
the battery voltage yields the current flowing in and out of the battery bank including the
efficiency of the inverter rectifier. Current into the battery can now be calculated as seen in
(3.5) where 𝜂𝑖𝑛𝑣 is the inverter rectifier efficiency and 𝜂𝑃𝑉 is the solar panel efficiency.

𝐼𝑏𝑎𝑡𝑡𝑒𝑟𝑦 =
𝑃𝑙𝑜𝑎𝑑 ∗ 𝜂𝑖𝑛𝑣 − 𝑃𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 ∗ 𝜂𝑖𝑛𝑣 − 𝑃𝑃𝑉 ∗ 𝜂𝑃𝑉

𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦

(3.5)

3.2 Matlab-Simulink Implementation
The model presented in Figure 3.1 was implemented using the Simulink toolbox in MAT-
LAB [14]. The goal of the Simulink model, shown in Figure 3.2, is to simulate the behavior
of the microgrid under a specific load with multiple DERs. The simulation operates with
a 10-s time step to produce the response of the system over the duration of the trial. The
clock drives the look-up tables of data for generator, PV array, and load powers. The 10-s
increment matches the measurement intervals for the hardware used in the NPS microgrid.
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Figure 3.2. Top-Level Simulink Model

3.2.1 Energy Management System
The energy management system (EMS) block in Figure 3.3 functions similar to the hardware
feature that monitors state of charge (SOC) of the battery bank and flags the generator to
engage or disengage. It uses a relay block and the value of battery SOC from the battery
block to generate a logic value that feeds into the generator block to allow generator power
to flow through to the power converter. At a value of 60% the logic output is 1 and returns to
0 when SOC reaches 95%. 𝑆𝑂𝐶 𝑓 𝑙𝑎𝑔 runs to the generator to control its output and 𝐵𝑎𝑡𝑡𝑆𝑂𝐶

runs to the PV controller to prevent the power of PV from overcharging the batteries.
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Figure 3.3. Simulink EMS Block

3.2.2 Load Profile
The load look-up table in Figure 3.2 allows the user to input a desired power profile for which
the microgrid will provide power. For the initial trials the load profile is kept constant, while
for most of the simulated trials a 24-h load profile mimicking a FOB power consumption
was used. Measured load profiles can also be used from historical data.

3.2.3 Generator
The generator block in Figure 3.4 receives data corresponding to a constant value which is
the rated power for a real generator. The rated power is not the actual power delivered to the
system since there are limitations on how much power a generator can supply. One of these
limitations is that some generators cannot be operated for sustained periods under a load
close to its rated power. Another limitation is the breaker fuses on a generator to prevent
drawing excess current from an outlet. To compensate for these limitations, the generator
block includes a limiting variable to set the max current produced by the generator.

If the EMS “𝑆𝑂𝐶 𝑓 𝑙𝑎𝑔” value is on then the generator will be “turned on” and power will
flow to the power converter. Otherwise, the output for the generator is zero. The “Outlet
Panel” block at the right of Figure 3.4 contains similar logic that limits the output generator
power to a maximum current value. At default, this maximum current value is set to 20 A to
match the breaker fuse on the Firman generator in the NPS microgrid for this thesis (later
discussed in Section 4.2.4).
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Figure 3.4. Simulink Generator Block

3.2.4 Solar Power
The data entered into the simulation for the input solar energy through the photovoltaic
panels is derived from historical solar irradiance data [15]. The National Renewable En-
ergy Laboratory (NREL) hosts an online database for solar radiation based on geographic
locations. The radiation data was averaged over a month-long period to derive a predicted
solar radiation profile from which the simulation would calculate power received through
the PV array.

From the data, the daily measurements for global horizontal irradiance (GHI) and temper-
ature are averaged over a month to determine an expected conditions for a given month in
a given geographic area. This data, depicted in Figure 3.5, is used to estimate conditions to
determine a predicted power output for a specific type of photovoltaic panel.
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Figure 3.5. Averaged NREL Data
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The power output from a PV array can be calculated in terms of GHI and temperature with
the specifications of the particular PV panel used. The efficiency of a PV array is computed
as the ratio of the maximum power output to the standard test condition irradiance (1000
W/m2), as shown in (3.6). Incorporating efficiency and temperature compensation (3.7)
results in (3.8) as reported by Marion and Smith [16].

𝜂𝑃𝑉 =
𝑃𝑚𝑎𝑥

𝑎𝑟𝑒𝑎
/𝐺𝑆𝑇𝐶 × 100% (3.6)

𝑃𝑃𝑉 = 𝜂𝑃𝑉 × 𝐺 × 𝑎𝑟𝑒𝑎 × [1 + 𝛼(𝑇 − 𝑇𝑆𝑇𝐶)] (3.7)

𝑃𝑃𝑉 = 𝑃𝑚𝑎𝑥 ×
𝐺

𝐺𝑆𝑇𝐶

× [1 + 𝛼(𝑇 − 𝑇𝑆𝑇𝐶)] (3.8)

In (3.8) 𝑃𝑚𝑎𝑥 , the maximum power, and 𝛼, the temperature coefficient, are values specific
to each PV panel from its data sheet, and 𝑇𝑆𝑇𝐶 (25 𝑜𝐶) is the temperature at standard
test conditions. The values for 𝐺 and 𝑇 are the averaged values for each irradiance and
temperature measurement, respectively, during the day. The predicted PV output, computed
for the PV source used in the NPS microgrid (Figure 4.2) is depicted in Figure 3.6. This is
the data used in the PV look-up table for the simulations presented in this thesis.

The simulation block “PV Controller” in Figure 3.7 models a solar charge controller. It
simply passes the power from the look-up table to the power converter unless the SOC is
above 95% in which case it does not continue to charge the battery. This programming
models the ideal behavior of a charge controller preventing the battery from overcharging
by limiting the PV power contribution when SOC reaches 95%.
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Figure 3.6. Predicted PV Output Power

Figure 3.7. Simulink Charge Controller Block

3.2.5 Power Converter
The power converter shown in Figure 3.8 is modeled using (3.5) to calculate the current
flowing in or out of the battery bank. Because the current from the solar charge controller
does not flow through the inverter/rectifier it is not affected by the inverter efficiency. A
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negative battery current indicates power discharging the battery to power the load while a
positive battery current indicates that the current is charging the battery.

Figure 3.8. Simulink Power Converter Block

3.2.6 Battery Bank
The battery bank serves as an energy storage device and is simulated by integrating the
battery current over time divided by overall capacity and battery efficiency of the BESS.
Figure 3.9 is a screen capture of Simulink that models SOC of the bank over time.
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Figure 3.9. Simulink Battery Bank Block

3.3 Simulation Trials
The physics-based model described in the previous sections was used to perform ten tri-
als of simulations which illustrate the microgrid functionality in different scenarios. The
simulation parameters are listed in Table 3.1 and are the same for all trials. The “Gen On
Signal” and “Gen Off Signal” parameters are the SOC values at which the EMS will signal
the back-up generator to start or stop.

Table 3.1. Simulation Parameters

Parameter Value
Start Time 00:00:00 (Midnight)
Duration 120 hrs (5 days)

PV Panel Efficiency 16.81%
Battery Bank Voltage 24 V

Initial SOC 100%
Gen On Signal SOC 60%
Gen Off Signal SOC 95%

Generator Current Limit (AC) 15 A (50% Rated Power)
Inverter Efficiency 90.5%

In Table 3.2, Trials 1, 2, 5, and 8 are performed with the equipment used in the NPS
microgrid, including 12 PV panels and a BESS with a 500-Ah capacity. The other trials
utilize different sizes of the PV array and BESS to observe the difference in performance. As
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described in Section 3.2.4, the output power of the PV array is derived for that geographic
location based on NREL data. The load profile used in Trials 2 through 8 is a scaled load
power profile mimicking one measured by the United States Marine Corps (USMC) on a
typical FOB [17]. The original and scaled profiles are depicted in Figure 3.10. The load
power is scaled to fit the NPS microgrid design and DER ratings.

Table 3.2. Simulation Trials

Trial Location PV Array Size BESS Capacity Power Load
Trial 1 Monterey, CA 12 Panels 500 Ah 1000 W (Constant)
Trial 2 Monterey, CA 12 Panels 500 Ah FOB Load Profile
Trial 3 Monterey, CA 12 Panels 2000 Ah FOB Load Profile
Trial 4 Monterey, CA 24 Panels 2000 Ah FOB Load Profile
Trial 5 Key West, FL 12 Panels 500 Ah FOB Load Profile
Trial 6 Key West, FL 12 Panels 2000 Ah FOB Load Profile
Trial 7 Key West, FL 24 Panels 2000 Ah FOB Load Profile
Trial 8 Seattle, WA 12 Panels 500 Ah FOB Load Profile
Trial 9 Seattle, WA 12 Panels 2000 Ah FOB Load Profile
Trial 10 Seattle, WA 24 Panels 2000 Ah FOB Load Profile

The assumptions described next are made to simplify the simulation. First, the voltage of the
battery bank is treated as a constant value while the voltage of a real battery will fluctuate
according to its charge. Second, the simulation assumes the solar charger and the inverter
can both supply current simultaneously to the battery bank to charge it.
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Figure 3.10. Measured and Scaled Load Profiles

3.3.1 Simulated Trials in Monterey, California
The first four trials are simulated in Monterey, CA. Trial 1 is obtained with 12 solar panels
and 12 2-V batteries rated at 500 Ah to replicate the equipment used at the NPS microgrid. A
constant 1-kW load is used to set a baseline performance for the microgrid. The simulation
results for Trial 1 are depicted in Figure 3.11. It presents the power contributed by each
component of the microgrid. The negative power values on the graph represent power
flowing out of the system and positive values represent flowing into the into the system. As
such the load power is negative in the graph. As designed, the power flowing in and out of
the BESS is a combination of the other components shifted by the efficiency of each. The
bottom plot of the figure shows the SOC of the BESS and marks where the EMS signals
the generator to start and stop.
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Figure 3.11. Trial 1 Results

The results from Trial 2 are shown in Figure 3.12, where the response of the microgrid with
a more realistic load profile is displayed. This load peaks at 2 kW with an average value of
approximately 750 W. The generator is active almost 32 h over the 120-h duration. After 24
hours, the system seems to enter a repeating cycle where the generator starts about the same
time every day. Trial 3 produces the simulations in Figure 3.13 and shows the effect that
increasing the capacity of the BESS by a factor of four has on the microgrid functionality. In
practice, this can be accomplished by installing three more sets of battery cells in parallel.
It is observed that the BESS takes much longer to discharge, now lasting almost 40 hours
without engaging the generator. Conversely, recharging also takes longer, but the generator
is started on fewer occasions. Trial 3 results in the generator running about 11% less than
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Trial 2, which would also imply a proportional 11% in fuel cost savings in a five-day period.

Figure 3.12. Trial 2 Results
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Figure 3.13. Trial 3 Results

Next, with a larger BESS, Trial 4 demonstrates how increasing the size of the PV array
further decreases reliance on the generator. In this simulation, the generator never receives
a signal to start. Running the simulation for a longer time period would show that the SOC
would not reach the minimum point until after 11 days. It is valuable to note one of the
benefits of a larger BESS comes when the power load peaks it does not quickly deplete the
SOC causing the generator to start. This characteristic allows the renewable energy sources
to carry the majority of the load versus the non-renewable sources. In this trial, the doubled
size of the PV array resulted in a PV power contribution high enough for the solar charger
to curtail its power because the BESS SOC reaches 100% near hour 14.
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Figure 3.14. Trial 4 Results

3.3.2 Simulated Trials in Key West, FL
For the trials simulated in Key West, FL, once again the NREL irradiance data was processed
to determine an expected PV power output. The outputs depict a similar trend as the those
in Monterey, CA, with the main difference being the different contribution of solar energy.
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Figure 3.15. Trial 5 Results

The simulations obtained for Key West, FL, suggest that although the geographic location
is more tropical, they do not necessarily imply that the solar power contribution will be
higher. With 12 panels for Monterey, CA the PV contribution peaked around 1200 W;
whereas in Key West, FL it peaked around 950 W. This could be due to higher ambient and
panel temperatures causing greater loss suggested by the negative value of the temperature
coefficient in (3.8). Trial 6 results, shown in Figure 3.16, shows a shorter generator run time,
about 17% shorter than Trial 5.
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Figure 3.16. Trial 6 Results

Figure 3.17 shows the results of Trial 7 performing better than Trial 6. The generator run
time is about 70.7% less than Trial 5 over the five-day period. Again, this would translate
to about 70% in fuel cost savings.
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Figure 3.17. Trial 7 Results

3.3.3 Simulated Trials in Seattle, WA
Running the simulation now with solar data for a northern climate in Seattle, WA, yielded
the results in the following figures. The solar power peaked around 1000 W, between the
data for Monterey and Key West. Overall, the trend is the same from the previous trials. The
results for Trial 8 are shown in Figure 3.18 and serve as the baseline for the following two
trials. The generator ran almost 36 h during the 120-h simulation.
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Figure 3.18. Trial 8 Results

Figure 3.19 shows the results of increasing the size of the BESS. It reports a 22.4% shorter
generator run time over the five days. The generator does not get started by the EMS until
after 36 h into the simulation.
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Figure 3.19. Trial 9 Results

In the results for Trial 10, shown in Figure 3.20, the generator is not started in the first 120 s
when the PV array size is doubled. The results again highlight the benefit of increasing the
energy storage systems to buffer the peaks in the load profile.
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Figure 3.20. Trial 10 Results
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CHAPTER 4:
Experimental Results and Model Validation

Having completed the various trials of the physics-based model in Chapter 3, this chapter
explores how the simulated results compare to the experimental trials. This chapter presents
the architecture and components of the NPS microgrid before comparing the results of the
experimental measurements to the simulated results.

4.1 NPS COTS Microgrid Architecture
Figure 4.1 is a schematic diagram of the COTS microgrid used at NPS for microgrid
experimental research. The black lines represent the power flowing from one component to
another. The blue lines represent communication lines to control the different components.
The first components to note are the different energy sources. These sources are a PV array,
a generator, and the utility grid. As the NPS microgrid is currently configured, the power
converter cannot receive power from the utility grid and the generator simultaneously.
The EMS is the controling mechanism of the microgrid which schedules the microgrid
resources to ensure power to the load at all times. It prioritizes energy sources or manages
a desired operating profile. It monitors availability of energy in the battery bank and the
power output of the PV array, and it can engage generator or grid power for support. The
charge controller maximizes the available power output from the PV arrays and regulates it
to charge the battery bank. The generator start module is often integrated with the generator
but can be a separate unit. It receives signals from the EMS to start or stop the generator.
The battery bank plays an important role in conjunction with the renewable energy sources.
Because renewable energy sources do not reliably provide constant power, an energy storage
device such as a battery bank will bridge the gap when no power from solar or wind is being
delivered. The energy storage system can also recharge with excess power when the generator
is turned on to support the system.

Delivering power to the load is the power converter, which is a crucial component to
the operation of the microgrid. Because the different energy sources are both DC and
AC systems, the power converter will either invert or rectify the power depending on the
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Figure 4.1. Microgrid Architecture

direction of the current. During normal operation, the power converter will take DC power
from the battery bank and invert it into AC power for the load. The power converter may
need to stop taking power from the battery bank for two main reasons: the bank does not
have enough charge or the load begins drawing more power than the bank can provide. In
these events, the EMS will signal the generator to start or signal the power converter to
begin receiving power from the grid. The power converter will use the AC power to feed
the load and rectify any excess power to charge the battery bank.

4.2 NPS COTS Microgrid Components
This section presents the equipment specifications of the NPS microgrid which is used to
validate the modeling and simulations discussed in Chapter 3.
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4.2.1 PV Array
The solar panels used to build the PV array are manufactured by High Quality Solar
Technology (HQST). Each panel has a maximum power output of 100 W. The array is
configured into three strings of four panels each with a total maximum power output of
1200 W. The panels face south directed at approximately 170◦ and have an inclination of
30◦.

Figure 4.2. NPS COTS PV Array

4.2.2 Charge Controller
Outback Power manufactures the FLEXmax 80 solar charger controller used in this micro-
grid [18]. It employs maximum point power tracking (MPPT) technology to maximize the
power output of a given PV array.
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4.2.3 Battery Bank
The battery bank uses twelve 2-V cells to create a 24-V energy storage system. SLR500-2
is a 2-V, 500-Ah lead-carbon battery made by GS Yuasa [19]. The cells are configured in
series to create a 24-V system with a 500-Ah capacity.

Figure 4.3. NPS Microgrid Setup

4.2.4 Generator
The generator used in this microgrid is a Firman H03651, a dual-fuel gasoline or propane 
generator with a running output of 3650 W [20]. For this thesis the generator is fueled with 
gasoline. To allow this generator without auto-start capability to be controlled by the EMS 
it has been coupled with a controller, GSCM-Mini 60 Hz, made by Atkinson Electronics, 
Inc [21]. Some modification had to be made to the manual carburetor choke to allow the 
generator to start autonomously. This modification included an Arduino board to monitor 
the signal sent by the generator start control module and a servo to actuate the carburetor 
choke. More detailed information on this modification is in the appendix.
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Figure 4.4. Generator and Controller

4.2.5 Power Converter
Also manufactured by Outback Power is the VFXR3524A Inverter/Charger which serves
as the power converter in this microgrid [22]. This vented model has a continuous power
rating of up to 3500 VA. It is mounted together with the solar charge controller and the
MATE3s (EMS) as seen in the left photograph of Figure 4.3.
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4.2.6 Energy Management System
The EMS for this microgrid is the MATE3s [23]. It monitors incoming power from the PV
array and AC inputs (generator or utility grid power), battery bank voltage, and power output
to the load. By monitoring these inputs and outputs, it coordinates the various resources to
provide uninterrupted power to the load. MATE3s also allows the user to program different
profiles into it to dictate how the microgrid will operate. It can be operated in three different
modes: Grid Tied, Off-Grid, and Backup. In Grid Tied mode, the system will sell excess
power to the grid or, if the battery bank charge is too low, will buy power from the grid. Off-
grid mode operates in the islanded configuration with no tie to the utility grid. In Backup
mode, the microgrid only provides power to the load if grid voltage waveform become
abnormal [7] or is interrupted.

The MATE3s is set to default programming to comply with IEEE Standard 1547. This
ensures power sold to the utility grid does not fall outside the specifications for voltage or
frequency abnormalities. Conversely, it also monitors input AC power sources to the system
so that if any disturbances in voltage or frequency occur, the EMS will disconnect and not
attempt to reconnect until the standard conditions are met.

For this thesis the microgrid is operated in the Off-Grid mode and uses the advanced
generator start (AGS) feature to incorporate the generator. AGS can start and stop the
generator with a 12-V signal based off several different criteria including battery voltage,
battery SOC, load demand, and timing schedule. The trials run in this exercise used battery
SOC as the sole criteria to engage the generator.

4.2.7 Load
In order to standardize the experimental trials, a programmable load was used and the power
drawn by the load was set to a constant value. The Kepco load and programmable power
supply shown in Figure 4.5 allows the user to set the load at a specific power usage to better
observe the performance of the system.

4.2.8 Data Acquisition
The MATE3s has data logging capability for the majority of the measurements needed in
this study. It measures voltage, current, and power from the PV array; voltage, current, and
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SOC of the battery bank; and voltage and current from the input AC sources. The logging
time interval can be set by the user and it was set to 10 seconds for this thesis.

The only data that is not directly logged by the MATE3s is the current and therefore power,
drawn by the load. To measure and log this data the Fluke 434 Power Analyzer with the
same time interval is used. The power analyzer is used to measure voltage, current, power
factor, and power that the electronic load is drawing from the microgrid.

Figure 4.5. Electronic Load and Power Analyzer

4.3 Experimental Measurements and Model Validation
The COTS microgrid described in the previous section was operated in islanding mode 
in two different three-days t rails to collect experimental data. The measured results were 
compared to the simulated results to validate the physics-based model presented in Chapter 3. 
For clarity of reference, Table 4.1 identifies the input properties for each comparison in both 
experimental trials. Measured Trial 1 Load is depicted in Figure 4.6, and Measured Trial 2
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Load is depicted in Figure 4.11.

Table 4.1. Experimental Trials and Simulation Comparisons Reference

Comparison Simulation Load Input Simulation PV Input
Power Comparison 1 (Fig 4.7) Measured Trial 1 Load Trial 1 Measured PV
SOC Comparison 1 (Fig 4.8) Measured Trial 1 Load Trial 1 Measured PV
Power Comparison 2 (Fig 4.9) Measured Trial 1 Load NREL PV Data
SOC Comparison 2 (Fig 4.10) Measured Trial 1 Load NREL PV Data
Power Comparison 3 (Fig 4.12) Measured Trial 2 Load Trial 2 Measured PV
SOC Comparison 3 (Fig 4.13) Measured Trial 2 Load Trial 2 Measured PV
Power Comparison 4 (Fig 4.14) Measured Trial 2 Load NREL PV Data
SOC Comparison 4 (Fig 4.15) Measured Trial 2 Load NREL PV Data

4.3.1 First Experimental Trial
For the first experimental trial, the NPS microgrid was operated over a period of three days
in June in order to observe how the system performed in comparison to the physics-based
model. The Kepco DC electronic load was programmed to draw a constant 500 W from the
power converter. Figure 4.6 is a plot of the power drawn by the electronic load and measured
by the Fluke 343 Power Analyzer.
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Figure 4.6. Power Drawn by the Load in the First Experimental Trial

At the end of the experiment, the data was downloaded from the MATE3s data logger and
used to plot the power waveforms for each component. The same load and generator power
profiles used in the hardware were used to run a simulations which was compared to the
experimental measurements.

Simulation with Experimental PV Profile Input
For the first comparison, the power measured at the PV array was used as the PV input
for the simulation. Figure 4.7 shows the experimental measurements and the results of the
simulation in comparison to better visualize the accuracy of the physics-based model.
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Figure 4.7. Experimental vs. Simulated Power Comparison 1

Both the experimental measurements and the simulations match up until about hour 38
when the simulated EMS activates the generator, while the hardware does not. However, the
generator is on in both cases for a similar amount of time with only a seven minute difference
approximately. This difference could be explained by the generator signal being determined
by SOC. Figure 4.8 compares the measured and simulated SOC showing that the hardware
EMS resets the SOC to 100% at the end of the charging cycle. Had the value not been reset,
it is plausible that the generator would have been signaled to activate approximately 1145
on June 2. Regardless, the rates of change of the SOC in the simulation matches well the
experimental measurements, validating the physics-based model.
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Figure 4.8. Experimental vs. Simulation SOC Comparison 1

Simulation with NREL-derived PV Profile Input
Where the comparison above used the measured PV profile from the experiment as the input
to the simulation, the results presented in this section use the data derived from historical
NREL data as shown in Section 3.2.4. This PV profile is derived from irradiance data
for the month of June in 2022. The profile is calculated by averaging the irradiance for
each day of the month and by calculating power output using the specifications of the PV
panels used in the NPS microgrid (Section 4.2.1). This method is also used for the second
experimental-simulation comparison.

Using this derived PV power profile produced the waveforms at the bottom of Figure 4.9.
The first major discrepancy to note between the experimental the simulated measurements
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is the increased power produced by the PV array in the simulations. It contributes so much
power that the solar charge controller curtails the PV power output to prevent overcharging
the BESS. Consequently, the generator active time for the simulation is much shorter than
the generator run time in the experimental trial.

Figure 4.9. Experimental vs. Simulation Power Comparison 2

As expected, the greater PV contribution in this comparison results in the BESS reaching a
full charge signaling the solar charger to regulate the power passing through it. Figure 4.10
shows the SOC in the simulation results reach 100% quickly and remain above 95% until
nighttime hours.

42

NAVAL POSTGRADUATE SCHOOL  |  MONTEREY, CALIFORNIA  |  WWW.NPS.EDU

_________________________________________________________



Figure 4.10. Experimental vs. Simulation SOC Comparison 2

4.3.2 Second Experimental Trial
The second experimental trial was also performed for three days, however the load was
varied from 1 kW to 500 W and vice-versa at twelve hours intervals as shown in the
measured plot of Figure 4.11.

Simulation with Experimental PV Profile Input
Alike the previous experiment for the first comparison, the measured PV power contribution
is used as the simulation input to match most closely the environmental conditions when
the experiment was conducted.
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Figure 4.11. Power Drawn by the Load in the Second Experimental Trial

This difference in load power caused greater differences between the simulation and the
experimental measurements. The total time the generator was active in the simulation was
about one and a half hours longer than the experimental time—12% more than measured.
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Figure 4.12. Experimental vs. Simulation Power Comparison 3

In terms of SOC, the trend in charging and discharging of the BESS did not match up as
closely as expected. Notably, in Figure 4.13, the measured SOC increased linearly between
4–12h, whereas in the simulation the generator remained active longer resulting in two
different charging rates during that period. The MATE3s reset the SOC to 100% on two
separate occasion causing further mismatch between the simulation and experiment.
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Figure 4.13. Experimental vs. Simulation SOC Comparison 3

Simulation with NREL-derived PV Profile Input
The second experimental trial comparison to the simulation now used the PV profile derived
from the averaged historical data from NREL. The simulation results indicate a higher PV
power contribution to the microgrid and a lower generator run time consequently. The
simulation calculated the generator run time about four hours less than the experimental
measurement. Figure 4.14 depicts that during the day time period the PV array contributes
enough power to supply the load that it is curtailed to prevent overcharging the BESS.
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Figure 4.14. Experimental vs. Simulation Power Comparison 4

Figure 4.15 shows how SOC reaches 100% during the day period and drains faster during
the night when the load is higher. The steep rates of charging when the PV array begins
contributing (hour 12, 36, and 60) are not observed in the measured trial because the
measured PV power contribution is not as high as in the PV contribution from the averaged
historical data.
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Figure 4.15. Experimental vs. Simulation SOC Comparison 4

4.4 Observations
Having completed the comparison of the experimental trials to the simulation outputs
resulted in various observations of the methodology used to obtain both. The goal of these
observations is to provide guidance for future improvements of the physics-based model to
improve its accuracy in predicting the functionality of a microgrid.

The first observation centers on the modeling of the BESS. The method used in this simula-
tion was a direct integration of current over time, therefore there is a linear proportionality
between current and the SOC calculation. A more accurate model would include the spe-
cific charging characteristics of a battery since every battery will be different. Although the
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overall trend in SOC did match the experimental measurements, implementing a charging
profile specific to a certain battery would enhance the accuracy of the simulation.

For both comparisons, initially the measured power from the charge controller to the BESS
was used as the PV power input to the simulation. Although it was the PV contribution
for those days to get the best match between experimental measurements and simulation
results, it does not account that the charge controller curtailed input power from the PV
array. Figure 4.16 is a focused view of Figure 4.12 highlighting the power contribution from
the measured solar charger curtailing as the BESS reaches the end of its charging cycle. The
simulation uses the same PV power profile but would not be reaching the end of a charging
cycle creating further inaccuracy.

Figure 4.16. PV Power Curtailment in Experimental Measurements
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The comparisons using the PV power input derived from historical NREL irradiance data
was slightly less accurate. The irradiance data was the average of all the days in the month
of June for only one year. Averaging over multiple years would further refine the expected
output for the simulation. Another source of mismatch in PV power contribution was the
configuration of the experimental setup. During the period when the experimental trials
were conducted, the NPS microgrid was positioned beside a large building that obstructed
direct sunlight until almost noon everyday. Figure 4.17 is a photograph taken at 10:30 AM
showing the shading that causes the reduced PV power output.

Figure 4.17. PV Array Shading
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The effect of shading was further observed after operating the microgrid with minimal load
and no generator support for all of July 2023. Figure 4.18 shows a snapshot of two days
of that month. Every day until approximately the same time the power output of the solar
charger is minimized until the shading from the adjacent building had passed. This shading
was also a source of mismatch between the experimental measurements and the simulation
results with PV power inputs derived from NREL data.

Figure 4.18. PV Shading Trend

Overall, the comparison between experimental and simulation results showed promising
similarities in trends. Further refinement and improved physics-based models of the DERs
will yield more realistic simulated results that can be used to design future microgrids for
the DOD.
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CHAPTER 5:
Conclusion and Future Work

5.1 Conclusion
Understanding the need for future development and implementation of microgrid technology
in the DOD, the research for this thesis led to the development of a physics-based model of
a microgrid system based on experimental observations. The functionality of the simulation
allows the user to observe the effect on performance by incorporating different configurations
of a microgrid depending on the load profile which the microgrid is supporting. This
capability enhances the ability of the DOD to adequately size renewable energy sources to
minimize reliance on the utility grid and fossil fuel generators.

The experimental work described in Chapter 4 added significant value to the results of
the simulation. Modifying the generator to automatically engage based on signals from the
EMS allowed this study to better observe a microgrid operating autonomously. Additionally,
incorporating the power analyzer to log measurements of power drawn by the load coupled
with the adjustable electronic load enhanced the accuracy of load profiles input to the
simulation. A cornerstone to visualizing the performance of a microgrid in this thesis is the
data processing done in MATLAB to plot the power contributions of each component. This
processing is made possible by the data-logging capability of the COTS equipment used.

The value of an accurate simulation presents itself in the design of future microgrids. With
the simulation, a designer can present the performance before building the microgrid and
use the results to perform cost analysis of investing more in renewable energy and energy
storage equipment. The access to such results allows a designer to better inform the DOD
to make decisions to best support its operations.

The simulated and experimental results presented in this thesis present a valuable step in
the right direction to further implementation of microgrids in the DOD. The observations
discussed in Section 4.4 identify limitations that can be overcome in future research. Having
identified some of the gaps in this thesis opens the door to ideas for future work in microgrid
modeling, simulation, and design.
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5.2 Future Work
Throughout the research for this thesis several topics have been identified for recommended
future research. Further development of the performance analysis of microgrids will provide
more accurate simulation replication for microgrid design. These recommendations are
identified below.

5.2.1 Irradiance Data Development
The method described in Section 3.2.4 can be further refined to provide a more accurate
estimation of power to be harnessed by a PV array. The uncertainty of weather patterns
will always limit the ability to predict future irradiance values. Nevertheless, researching a
method to derive a PV power input to a microgrid simulation based on years of historical
irradiance data coupled with historical weather data would be a valuable field to explore.

5.2.2 Modeling and Simulation Development
The physics-based model and simulations described in this research are limited by sev-
eral simplifying assumptions; therefore, they do not capture the detailed functionality of
the physical microgrid. To further develop this simulation, incorporating a more complex
methodology for modeling a battery charging profile would better replicate experimental
performance. Including a more realistic physics-based model for a battery would also open
the door for simulating the control measures of an EMS. This thesis focused on controlling
the microgrid based on SOC values. An EMS will control a microgrid based on much more
than SOC of the BESS, including load power, battery voltage, and schedule.

Another way to expand on the simulation would be to incorporate other energy sources.
Wind power can be implemented with specific parameters for a wind turbine coupled with
historical and forecasted wind data for specific geographic locations. Wind power is only one
of several other energy sources that could be incorporated. Including more energy sources
in the physics-based model would make it a more versatile tool for microgrid designers.
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APPENDIX: Generator Modification

This appendix describes the method used to incorporate the Firman generator into the
NPS microgrid system. The Outback hardware used has the capability of starting the
generator via a 12-V signal. The challenge of using this signal to start and stop the generator
is that the Firman generator does not have automatic start capability. To overcome this
challenge a COTS generator start control module is installed to process the signal from the
EMS and step the generator through its starting and stopping sequence. Figure A.1 is the
wiring schematic for connecting the Atkinson Electronics GSCM-Mini-60Hz to the Firman
generator [24]. The generator start control module is connected to the generator as directed
by the manufacturer specifications.

Figure A.1. Schematic of GSCM Mini. Source: [24].
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Although the Firman generator does have an electric starter, it does not have an automatic
carburetor choke to adjust the fuel-to-air ratio when starting which is intended to be operated
manually. This manual operation is counter to the concept of the microgrid autonomously
therefore modification needs to be made. Installing an electronic servo controlled by an
Arduino board is the method used in this thesis. The Arduino Uno R3 in Figure A.2
manufactured by Arduino is programmed to control the servo in Figure A.3 manufactured
by ANNIMOS [25], [26].

Figure A.2. Arduino Uno R3. Source: [25].

Figure A.3. ANNIMOS Servo. Source: [26].
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The logic in the programming of the Arduino Uno R3 waits for the generator start control
module to provide current to the starter then actuates the servo controlling the choke until
the engine starts. The logic for this programming is shown in Figure A.4.

Figure A.4. Arduino Logic Controlling Servo
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