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EXECUTIVE SUMMARY
Improve Microgrid ESS Specsizing
Client: Greg Hasler at Caterpillar Inc.
Team Members: Peter Borowski, Adam Swahlstedt, Karim Elrafie, Luke Vigue, Zach Thomas
Advisor: Dr. Jeries Abou-Hanna, Dr. In Soo Ahn, Dr. Jing Wang
Background: The Energy Storage System (ESS) works in tandem with a generator set (Genset)
to provide consistent and reliable power to a microgrid. When large loads are applied to a genset,
the ESS needs to cover the difference between load and power output as the Genset takes time to
ramp up or down. Currently, Caterpillar utilizes a spec sizing application for its gensets, but the
engineers must do manual calculations for their ESS sizing, which, is time consuming,
inefficient, and potentially inaccurate. A related aspect to the ESS spec sizing project is the
economic perspectives. The system Caterpillar uses to analyze the economics of a microgrid is
HOMER. HOMER uses a native dispatcher logic to determine how energy is distributed in a
microgrid system.
Objective: To create an automated and accurate ESS sizing methodology and conduct dispatcher
research on HOMER.
Technical Achievements
Phase 1- The team created an automated ESS sizing methodology based on Discrete Fourier
Transform using MATLAB. The methodology uses frequency analysis to allocate power to the
genset and ESS and thus determine the optimal size of each. The team has validated that the use
of this sizing methodology produces a system with minimal voltage dip characteristics.
Phase 2- A dispatcher characteristic of the Caterpillar MMC was been created in MATLAB
which links to HOMER during microgrid simulation. The team has compared this dispatcher to
those native of HOMER and has provided suggestions for future improvements in the following
report.
List of Items Delivered:
● Automated ESS sizer
● Improved ESS sizing methodology
● HOMER compatible MMC logic
● HOMER dispatcher research summary
Budget: Total projected budget was $926.60 including taxes.
● The concluding project cost is $480.08.
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INTRODUCTION
This project studied the sizing of Energy Storage Systems (ESS) for microgrid applications. This
design review includes a report on the entire project, outlining completed tasks and
achievements, and a statement of future recommendations. The team has spent its time since the
third design review refining the sizing methodology, validating the sizing of this methodology at
TDI which is Caterpillar’s testing facility for Gensets, completing a prototype MATLAB link
code representative of the Microgrid Master Controller (MMC), and running a comparative
analysis on the dispatchers. To reiterate, the main deliverable of the project was the creation of
an improved and automated ESS sizing methodology. The stretch goal was to conduct research
and understand HOMER dispatcher logic and compare it to the Caterpillar MMC logic.

DESIGN PROBLEM
Caterpillar, Inc. launched this project with Bradley University due to a problem it was facing
which came in two phases: creating an ESS Specsizer and optimizing a microgrid based on
economic return.
The ESS sizer is the most important task for this project. ESS sizing is done to ensure the entire
system can meet the transient load requirements of the system and maintain grid power stability.
At the start of this project, the ESS sizing was done manually, was labor intensive, and was
potentially inaccurate. The client needed the sizer to be able to size an ESS in a way that saves
time and creates the most efficient solution. One target that the team had to consider was
minimizing frequency and voltage dips in the system’s transient response which is the main
measure of grid stability.
The ESS must be sized appropriately not only to meet the load requirements of the system, but
also be economically viable for the customer. This economic viability of the system is the subject
of the second phase of the project. The client currently uses HOMER to study the economic
trends of Caterpillar microgrid systems. The client believed that creating a plugin representative
of its dispatch strategy would create more accurate solutions to the HOMER optimization
analysis and result in a more efficient system.
Greg Hasler at Caterpillar Inc. (the client) asked the team at Bradley University to develop a
sizing methodology for the ESS. The client required an automated and potentially improved ESS
sizing methodology, that would ensure grid stability. The client also wanted the team to study
and analyze HOMER with the native dispatcher, compare the results with Caterpillar’s MMC
logic, and present a report comparing dispatch methods and offering future improvements to the
dispatcher.
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PROJECT OVERVIEW
PHASE ONE
To reiterate, the focus of phase one was to create a new and automated ESS sizing methodology.
The sizing method had to ensure the system will operate within the required voltage and
frequency ranges. The sizing methodology was designed to deal only with the system’s transient
response. The methodology that the team chose was one that utilized the Discrete Fourier
Transform (DFT). The team researched other possible methods but concluded that the DFT
method would be the best approach. The other methods can be found in APPENDIX A: Other
Potential Methods.
BACKGROUND ON DISCRETE FOURIER TRANSFORM METHOD
The Fourier transform is used to see the frequency contents of a time domain signal. In this
project the data given is a discrete signal thus as discrete Fourier transform must be used.
+∞

jω

∑ x(n)e−jnω

X (e ) =

(1)

n = −∞

Equation 1 is a discrete time Fourier transform (DTFT), where x(n) is the time domain data to be
converted in the frequency domain data, the output X(ejw) is the frequency components of the
signal.

x(n) =

1
2π

π

∫ X (ejω )ejnω dω

(2)

−π

Equations 2 is the inverse discrete time Fourier transform (IDTFT) to turn the frequency domain
signal back into the a time domain signal. X(ejw) is the input of frequency domain and x(n) is the
signal back into the time-domain.
N −1

n

F (x) = ∑ f (n)e−j2π(x N )

(3)

n=0

f (n) =

1
N

N −1

n

∑ F (x)ej2π(x N )

(4)

n=0

Since the DTFT and IDTFT are computationally intensive, fast Fourier transform (FFT) and
inverse fast Fourier transform (IFFT) are used in place of DTFT and IDFT, respectively. FFT
and IFFT are used to make it possible to perform the DFT on a computer with reasonable
computation time. N denotes the number of points in the FFT; N must be chosen to be greater
than the length of the signal.
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This process of using the DFT (or FFT) is applied to the this project to determine the power
allocation of both the genset and ESS.
Gensets have a low response rate when compared to an ESS. There must be a balancing act
between the fast response of the ESS and the slow high power output of the genset. In [1] it was
proposed to use a discrete Fourier transform (DFT) to analyze the frequency domain responses of
both the genset and the ESS. DFT sizes gensets and ESS by the following:
1.
2.
3.
4.

A discrete Fourier transform is performed on the genset and ESS characteristics.
The optimal cutoff frequency is determined.
The allocation of the balance of power between the ESS and the genset is determined.
The inverse discrete Fourier transform (IDFT) is used to find results in the time domain.

Research has shown fast and accurate sizing from the DFT method. Generally the ESS and
genset are sized together with this method. However, preliminary work indicates that the genset
may be held constant and ESS size will be variable to create a simplified method and faster
result. To get a more detailed explanation on the math behind the DFT use reference [2].
TEST DATA ANALYSIS
The team has developed a code package in MATLAB to analyze test data. This code package
can be implemented into the final ESS sizing package, which will be described in the next
section. This code does analysis on the test data automatically. The main MATLAB code for this
package can be found in APPENDIX B: Main MATLAB Testing Code. This code pulls from all
the required individual functions in the same folder and provides a selection of several
parameters that can be changed by the user. The main purpose of this code is to utilize real test
data of various step load levels to create a relationship between step load size and genset ramp
rate. The team has completed this process for one genset (Diesel 3512) and can now size ESS for
various loads using this genset. Figure 1, next page, shows a flowchart of the process used to do
the processing on the Genset only data to obtain the ramp rate versus step load size relationship.
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Figure 1: Flowchart of Preprocessing on Genset Only Data
Figure 2, next page, illustrates how the main portion of the code operates. This sizing code first
must go through a function called “get data”, which extracts the data from the file that is going to
be used. Once the code has found the data, it finds the individual load steps applied during the
data collection. As each step load in the profile is separated out, a numerical derivative is
calculated to obtain the ramp rate. Together, the steps are used to create the ramp rate
relationship with load size which will later be used as a constraint when finding the cutoff
frequency. MATLAB utilizes prebuilt functions called Fast Fourier Transform (FFT) and Inverse
Fast Fourier Transform (IFFT) to compute the DFT and return to the time domain respectively.
These two functions are used after the initial cutoff frequency is chosen to determine if the
genset can meet the load. If the genset cannot meet the load, the algorithm needs to increase the
initial cutoff frequency until the genset can meet the load. Once the algorithm has chosen the
correct cutoff frequency to allocate genset power, the remaining power will be allocated to the
ESS. To end the code, the data will run through a decision matrix to find the appropriate ESS
size using the time domain ESS signal output resulting from the DFT.
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Figure 2: High level overview of DFT sizing function
Getting Data
The code (see Appendix C) extracts the data from a file that is not native to MATLAB and
converts it to a table that MATLAB is capable of reading. If data is missing in the table, the code
will fill in the missing data by interpolating with the existing boundary data. This function also
extrapolates the rate at which the raw data was collected. From this data that is found and filled
in, the table is converted to a structure because a structure is more convenient when being called.
Step Individualizer and Genset Ramp Rate Relationship
This project required the team to analyze the data; however, there were times that the team
would get data that included multiple load steps. In order for the team to do proper analysis the
data would have to be split up into separate load steps. This function requires one piece of
information from the user: the number of times there is a major change to the profile of the load.
This function can be found in APPENDIX D: Step Load Individualizer Function. To illustrate
what this function does, Figure 3, next page, is test data with multiple load steps, and Figure 3,
below, a single load step from that test data.
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Figure 3: Load profile of raw data

Figure 4: Load profile of second load step from the raw data
Figure 4 shows the load profile of the genset from the second load in Figure 2. Now that the
individual load step is separated from the rest of the other data, the function makes it possible to
get a lot of information, including the rate it takes for the load to be achieved and the actual load
that was applied to the system. From that information it is possible to develop a relationship of
how the genset behaves at any load below its maximum load capabilities. Figure 5, next page,
shows the graphical relationship between load and ramp rate of a genset.
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Figure 5: Changing ramp rate with load.
These ramp rates were found by taking the point-by-point derivative to find the maximum ramp
rate of each load. Once all the ramp rates were found for each load, a trendline could be
superimposed. In this case the trendline was a first order curve. The user can specify the genset
ramp rate to be reduced by some percentage so that loading does not strain the genset. Therefore,
the ramp rate would be below any of the genset ramp rates and should not cause any mechanical
issues when predicting the ESS size.
Error Analysis Method
This method is one of two methods the team felt was viable to decide if the cutoff frequency is
correct. This function takes a point-by-point analysis of each cutoff frequency and finds the error
in that cutoff frequency of that generator. This function’s code can be found in APPENDIX E:
System Error Analysis Function. However the team decided to forego this method because it
creates a large amount of uncertainty in the accuracy of the cutoff frequency. To better explain
Figure 6, next page, shows the error curve that is created using this method. The order of
magnitude on the Y axis, which is the error, is extremely large which was a major indication to
the team that even though there is a minimum in the error, the error cannot be disregarded.
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Figure 6: The error curve of the genset as it changes the frequency cutoff
Ramp Rate Analysis Method
This is the other method the team has developed to determine the accuracy of the cutoff
frequency. This function’s code can be found in APPENDIX F: System Ramp Rate Analysis
Function. The system ramp rate analysis function requires the precursor function that finds the
ramp rates mentioned earlier; this code can be found in APPENDIX G: Get Ramp Rate Function.
These two pieces of code go through the test data and find the ramp rate of the genset at that
given step load. This process finds the optimal cutoff frequency that represents the ramp rate in
the frequency domain.
FINAL PACKAGING
The team has developed a code package in MATLAB to be used to size ESS for a variety of
genset and ESS hybrid systems. The purpose of the code package is to provide a tool for the end
user which must be provided with a few simple input parameters and will return an appropriate
ESS size for the system. Basically, only two inputs are needed: the desired load profile and the
actual genset ramp rate. The tool can also be used to create a number of basic step load profiles
in which case the users would provide more information about their specific desired load.
Descriptions of all the major functions in the code package are given with the actual code
provided in APPENDIX I: Final MATLAB Code Functions.
Step Load Creator Function
The purpose of the step load creator function is to generate a wide variety of step loads according
to the provided user defined inputs. This is the load that the user desires the system to meet and
does not depend on any test data. This is one of the major advantages of this system because long
periods of historical load data are not needed to do the sizing. The function must be supplied
12
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with the step load time duration in seconds, the step load size in watts, the step duty cycle as a
decimal number, the time it takes the load to rise to full value in seconds, the sample period for
the data, and a plot flag in case the user wants a visual of the generated step. The full load profile
will be twice the duration specified for the load applied time so that the system will have
sufficient steady state zero load value both before and after the application of the load. If the duty
cycle value is set to less than one, the amount of on time will be even smaller for the full load
level, however, the duration of the full profile will be unchanged. The rise time is specified in
seconds but it will only change in discrete jumps based on the size of the sample period given.
This is one reason why the sample period input is needed, because if it is desired to finely adjust
the rise time allowed to meet the full load, sample period will need to be reduced in order to
allow for smaller discrete time jumps. Shown below in Figure 7 is an example of a step load
generated by the function created by setting the plot flag in the function to one. The function
returns the load data vector as well as the time vector in seconds as seen in the plot below.

Figure 7: Idealized step load
Frequency Cutoff Analysis Function
The heart of the ESS sizer package tool is a function called frequency_cutoff_analysis which is
the part of the code that does the DFT computations using the FFT function in MATLAB. The
required inputs are the load profile data vector, the cutoff in either frequency or number of
samples, the sampling frequency at which the load data was collected, the number of points used
for the DFT, and a flag to tell whether the input cutoff is a frequency or the number of samples.
If this flag is a zero, the function accepts cutoff values as frequency in Hertz. If the flag is set to
one, the function will accept cutoff values as index points for the load FFT data vector. This
function makes it possible for other sections of the code to run tests at any given cutoff
frequency to iterate through many possible frequencies until a satisfactory solution is found to
allocate genset and ESS power appropriately. After the FFT is done on the load data set, the
13
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resulting frequency domain complex number array is split up using the cutoff frequency input to
allocate everything lower than the cutoff to the genset and everything higher than the cutoff to
the ESS. This allocation is done by zeroing out all components that are on the opposite side of
the cutoff frequency point than each of the respective power allocations for the genset and ESS.
Once the two component spectrums are created from the original single load spectrum, they are
each converted back to the time domain using IFFT and returned from the function once it is
completed. These will be used by other sections of the code to analyze how the systems behave
at the given cutoff and can be used to provide graphical results of how the system behaves once
the final cutoff is determined. The other useful value returned by this function is the frequency in
Hertz that was used to run the analysis. If the input cutoff is already in Hertz then the value of
the output will be the same. However, this output is most useful when using an input of cutoff in
data samples because the output will still be returned with units of Hertz regardless of the cutoff
frequency input format.
Filter Cutoff Function
This function is one level lower than the frequency cutoff analysis function, and it is called by
that function to do the separation of the spectrum into the genset and ESS components. The
function is basically an ideal low-pass or high-pass filter depending on how the cutoff-type flag
input is set. If it is set to one, the function behaves like a low-pass filter and returns the low
frequency spectral content lower than or equal to the threshold input in samples. This spectral
content corresponds to the frequency components of the load that the genset will need to handle.
If the flag is set to zero, the function behaves like a high-pass filter returning the high frequency
spectral content greater than the threshold input in samples. This content corresponds to the
frequency components of the load that will be handled by ESS. The input data being filtered is
the complete frequency spectrum of the load profile including the DC component. The DC is at
extreme low frequency side, so it will be assigned to the genset when returning as a low-pass
filter. When returning as a high-pass filter, the DC component will be ignored because the ESS
does not contribute to the DC component of the load.
Decision Matrix
The output of ESS power allocation goes into the decision matrix (APPENDIX H: Decision
Matrix) to determine the actual size of ESS needed for the system. This function is necessary
because the standard maximum state of charge limit allowed to the batteries is 80% of rated
capacity which means that the power must be normalized. Other factors come into play when
getting the final size. The first is getting the appropriate number of BDP250s since these come in
discrete 250kW jumps in size. Another major factor is if the client is willing to allow
overloading capabilities. Figure 8 shows the power allocated to the ESS once the DFT has
finished the power allocation calculations.
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Figure 8: ESS in time domain
Figure 9 (next page) shows the capability curve of the BDP250. It was possible to create a
trendline that closely matched the test data by creating a piecewise function. The function is as
follows

(5)
The 66.79 value is the intersection point between the two curves in Figure 9, next page, created
by equation 5. This represents the performance well such that there is no point at which the
overloading capability time frame is within reason of a BDP250 can perform. With this
overloading curve it is possible to reduce the number of BDP250’s needed for the microgrid
system. In the function there is a limit to the largest amount of overloading allowed and that is
set at 475 kW for each BDP250 because this helps keep the frequency below the maximum limit
of 0.75 Hz and can be overloaded for a reasonable amount of time based on grid stabilization.
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Figure 9: BDP250 overloading curve
In addition, the decision matrix also finds the energy that the ESS is using and storing. This is
found by computing the approximation of the cumulative integral of the ESS in the time domain,
provided by the function that determines the cutoff frequency, via the trapezoidal method with
unit spacing.
VALIDATION OF THE METHOD
The team realized that the simulation results will only give a theoretical answer. To prove that
the team’s solution is reliable, the team validated its results on the actual machinery at TDI. First,
the team laid out a test plan. Since the team’s method needs a load profile to size to, the team
agreed that the first step would be to run the genset alone without any ESS. The team applied a
load equal to 25, 50, 75, and 100 percent of the genset capacity and observed the frequency
fluctuation. The team applied the recorded data to the teams method to get a recommended ESS
size. The team then ran the same load with the closest BDP250 with overload capabilities to
observe the difference. The 50 and 75 percent load cases have graphs comparing predicted and
actual power allocation collected in this report. The 25 and 100 percent load cases are not
compared in this paper due to the limit of BDP250s the team had access to at TDI.
Figure 10 is using the final packaging code to create a computer generated power allocation of a
500 kW load. This final packaging code has the ramp rate equation, found using the Step
Individualizer function from the testing package code, applied. This final packaging code
predicted that the step size would require a ESS size greater than 131.55 kW. This value then
needs to be increased to prevent overcharging to the batteries through the use of the decision
matrix and that ends up estimating an ESS size of 164.4421. This tells the team that a test run at
500 should be able to handle a load of 500 kW on the diesel genset 3512 with one BDP250.
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Figure 10: 500 kW computer generated load using the DFT method.
Since the DFT method does not determine the frequency fluctuation the team had to find another
way to verify that that the DFT method works. That way was to replicate the power allocation
between the genset and ESS collected from the test data collected at TDI. Figure 11, below,
shows test data of a 500 kilowatt load applied to the 1 megawatt diesel genset 3512 and 1
BDP250. When the 500 kilowatt load is applied to the system, in order for the system to be
stable at that load it requires the ESS size to be greater than 128.43 kW. Once the decision matrix
function was used it increased the size to 160.54 kW. This tells the team that the DFT is capable
of finding the appropriate power allocation for this particular case.

Figure 11: Test data of a 500 kW load applied. Using a 1 MW diesel genset
3512 with 1 BDP250.
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To make sure that the team’s algorithm would work on different loads a 750 kW load was tested
as well. The team used the same method as before to predict the appropriate size. Figure 12
shows a 750 kW load with a required ESS size greater than 190.03 kW. This tells the team that a
test run at 750 kW should be able to handle a load of 750 kW on the diesel genset 3512 with 1
BDP250.

Figure 12: 750 kW computer generated load using the DFT method.
Figure 13 shows test data of a 750 kilowatt load applied to the 1 megawatt diesel genset 3512
and 1 BDP250. When the 750 kilowatt load is applied to the system, in order for the system to be
stable at that load it requires the ESS size to be greater than 176.42 kW. Once the decision matrix
function was used it increased the size to 237.54 kW. This tells the team that the DFT is capable
of finding the appropriate power allocation for this particular case.

Figure 13: Test data of a 750 kW load applied. Using a 1 MW diesel
genset 3512 with 1 BDP250.
18
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Figure 14 (next page) shows the drastic differences between with and without the ESS. Our
specifications required a maximum frequency dip of 0.5-0.75 Hz. The frequency dip for the 750
kW load without ESS was over 6 Hz and with ESS it was reduced to 0.75 Hz.

Figure 14: Frequency plot of 750 load applied to diesel genset 3512
without and with ESS.
From the frequency figure and the two load cases previously explain. The team can
confidently deduce that the method works for sizing ESS’s. The two load cases prove
that the method can mimic,, within reason, how the system will work and the frequency
figure validates that the predicted size for a 750 kW step load will stay within 0.5 and
0.75 Hz range.

PHASE TWO
The focus of phase two was to conduct research on the HOMER application and the
improvement of HOMER dispatcher logic. The research focused on HOMER’s native dispatcher
logic and on the Caterpillar Microgrid Master Controller (MMC). The team felt the creation of a
prototype dispatcher would be the best way to explore these topics. Also the client can use this
prototype as a platform for future improvements.
MMC DISPATCH METHODOLOGY
A prototype MATLAB link of the Caterpillar Microgrid Master Controller was created to
interface with the HOMER application. MATLAB link is a module that can be downloaded for
HOMER to allow the controller logic to come from an external code. The MATLAB link
required a specific syntax and structure, but it allows the user to write a dispatching code for
19
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HOMER to use. The team has created one such logic based on MMC logic provided by the
client. The provided logic has 3 clauses, listed below. In these clauses the SOC refers to the state
of charge of the ESS.
1. Generator runs when SOC < SOC_Low (e.g. 50%).
2. Generator shuts off when SOC > SOC_High (e.g. 80%) and (Load - PV output) <
Generator Minimum (kW) with a margin for minimum duration (e.g. 10mins).
3. When genset is running, PV is commanded to maximum output level and also maintain
genset load above minimum load required (e.g. 20% of rating).
These clauses do not directly address that excess source energy will go to charging the storage
system. The team has created a prototype of the above dispatch logic in MATLAB as a proof of
concept, to be compared to existing dispatchers and as a baseline for future improvements. The
Caterpillar logic implemented with the MATLAB link has been proven to integrate with
HOMER to run microgrid simulations. Figure 15 is a flowchart made to illustrate the dispatch
methodology given to the team.

Figure 15: MMC dispatch logic flow chart.
DISPATCH COMPARISON
The three dispatch methods of focus are MATLAB link, cycle charging, and load following.
Cycle charging and load following are dispatchers that are found in HOMER and have been used
by the client in the past for HOMER analysis. MATLAB link is a newer module for HOMER
that the client does not use. The team used the MATLAB link in order to utilize the programed
MMC dispatch methodology for use by HOMER.
20
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Load following is a dispatch method which prioritizes matching the load with the genset exactly.
In this method the generator’s primary function is to meet the main load exactly. Other energy
generation elements such as photovoltaic cells are used for secondary loading purposes and for
charging of the ESS. Cycle charging prioritizes charging of the ESS. Therefore, wherever a load
is applied the genset will operate at full capacity spilling the excess into the ESS until it is full.
The MMC has characteristics of both of these such that the genset operates to meet load, but
there are times when the excess is captured by ESS.
HOMER simulations using all three methods were run. A HOMER setup was provided by the
client with which to test. The main metric used to analyze the difference of the three dispatch
methods was cost per kilowatt hour, though considerations of other metrics may be used in the
future. The initial test configuration was narrowed down to one setup for ease of simulation. An
example case of components used in the HOMER analysis was a 100 kW PV array, a 410 kW
fixed capacity generator, 88 LG JH3_2P batteries, and a BDP250 converter. Other microgrid
setups were used, all of which support the same trend. For this particular setup, the cycle
charging, load following, and MATLAB link produced a $0.296, $0.307, and $0.307 per kilowatt
hour. The analysis of this system shows that, in general, the MMC logic given to the team
produces a similar result to that of a load following dispatch method. Also a full scale HOMER
optimization was run in which the ESS, converter, and PV array sizes were all variable. This
produced the most significant result of testing. The MMC logic provides worse sizing of
microgrid components for both cost per kWh and net present cost, but is better than load
following for initial cost. Table 1 below contains the results of the microgrid optimization for
each dispatcher.
Table 1: HOMER Optimization Results for Various Dispatchers.
Cost Metric:

MMC

Load Following

Cycle Charging

Cost Per kWh

$0.277

$0.269

$0.262

Net Present Cost

$5.22M

$5.07M

$4.94M

Initial Capital

$1.15M

$1.57M

$1.15M

MMC

Load Following

Cycle Charging

Size of Generator (kW)

410

410

410

Size of PV Array (kW)

400

500

400

Number of LG JH3_2P Batteries

44

88

44

Converter Size (kW)

250

250

250

Component:
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Based on the internal code of the dispatchers, the MMC seems to be primarily a load following
dispatch with some characteristics of cycle charging, mainly when load is below generator
minimum. But, the code also has provisions for when the battery state of charge and PV output
are high enough to meet load that the HOMER dispatchers do not seem to address. However, the
team was not privy to all the MMC information and may therefore not have a complete
representation of the MMC in MATLAB.
MATLAB LINK USER GUIDE
If the user has MATLAB link downloaded, when the Microgrid Controller is selected from the
schematic, there will be an option to add HOMER Pro MATLAB Link. The link should be set to
run on the newest version of MATLAB available to the user as well as to reference a folder
containing the MatlabDispatch, MatlabStartSimulation, and MatlabEndSimulation files.
All three files are necessary to run the MATLAB link. The start and end simulation files are used
to check for errors and display those errors to the user. The dispatch file will contain the logic
used for dispatching. Knowledge of creating if, else, elseif statements and calling structures are
all that is required to code the desired logic. The user must use proper MATLAB structure
formatting based on the information that is being fed from HOMER. The team suggests using a
piece of code to capture the simulation test variables to better understand the data produced by
HOMER. The variable capture code and examples of the structure syntax are shown in
APPENDIX J: HOMER MATLAB Link Code. This appendix contains the MMC based
MatlabDispatch code created by the team.

PROJECT ACHIEVEMENTS
TIMELINE
APPENDIX K: Gantt Chart encapsulates a timeline and delegation of work for the project. The
team was able to work on pieces of the project in a different order than originally planned, which
led to saving time. As a whole, the team was ahead of schedule for most of the project. However,
when the time came to validate, test facility problems put the team behind. Fortunately, this
delay was offset by the lead previously established. Therefore the team ended on schedule. This
extra time allowed the team to further explore stretch goals of the project.

BUDGET
APPENDIX L: Updated Budget depicts the itemized budget planned and utilized for this project.
The major expenses for this project were the various software tools that the team needed to
complete the tasks. The two software tool subscriptions necessary were MATLAB and HOMER
Pro. Although the expected cost for the project was $926.60, the final cost is $480.08.
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DELIVERED PRODUCTS
In phase one of the project, the team is delivering a new and automated ESS sizing methodology
packaged in MATLAB which ensures the stability of a Caterpillar microgrid. This will be
provided in two components the first being used one time per Genset to create the ramp rate
versus step load size relationship, and the second is the automated ESS sizer package tool which
utilizes the relationship found from the first part, to size for any given step load level.
In phase two of the project, the team is delivering a representation of Caterpillar’s MMC logic in
MATLAB using the syntax necessary to communicate with HOMER as well as the instructions,
analysis, and recommendations in this paper.

FUTURE RECOMMENDATIONS
PHASE ONE
The team has several recommendations for this sizing function to be more effective. First, it
would be useful to have the system dynamics of the gensets and possibly the BDP’s on hand in
order to run simulations of different configurations and be able to find the ramp rate for various
gensets. Secondly, the decision matrix could be evolved to consider more BDP options than just
the BDP250. Lastly, creating a reliable method to know the expected frequency dip from any
combination of genset and ESS would be helpful in the future. Using this, there is potential for
another project to explore the possibilities of sizing a genset and ESS simultaneously to
minimize frequency dip.

PHASE TWO
Under current conditions and knowledge the team suggests a more detailed version of the MMC
logic be coded into MATLAB for use in HOMER. An exploration of the decisions and setpoints
made by the MMC is crucial for the future of the HOMER MATLAB link project. Performing a
comparison analysis of the various cost metrics that HOMER outputs to find which is most
important may help in dispatch formulation. Lastly, the team suggests pursuing another project
to improve the MMC logic.
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APPENDIX A: Other Potential Methods
The following algorithm concept subsections discuss Particle Swarm Optimization (PSO),
Genetic Algorithms (GA), and Linear Programming Optimization (LPO).

PARTICLE SWARM OPTIMIZATION
Particle swarm optimization is a stochastic population-based evolutionary algorithm (PSO) [3].
For discrete systems, binary particle swarm (DPSO) optimization is used. Both of these
optimization techniques allow ease of optimization for nonlinear multivariable systems. Chaotic
DPSO adds the stochastic nature of microgrids into the equations. It may be sufficient to use just
DPSO initially because the team’s project is not concerned with PV arrays. The steps to
performing Chaotic DPSO are the following [3]:
1. Input initial conditions and sizes of the variables, size of the swarm, and other parameters
of the PSO technique.
2. Distribute chaotic variables uniformly between 0 and 1.
3. Determine fitness of function.
4. Update position and velocity of particles.
5. Calculate the distance between an arbitrary particle and the current best particle, if the
distance is within the predetermined minimum distance that particle remains unchanged
in the next iteration.
6. Check if state of particles meet constraints.
7. If constraints are met, stop the process, otherwise go back to step 3.
PSO algorithms are run within some predefined boundaries to locate a local and global maxima.
Figure 6 on the next page visualizes how PSO algorithms analyze the system and determine the
best solution.

Figure 6: 3-Dimensional Visualization of PSO Algorithm
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GENETIC ALGORITHMS
GAs are the family of algorithms used to solve optimization problems in a way that resembles
biological evolution. The process in a typical GA as in [4], consists of a series of five steps in
which results in the global minima of the function being optimized. The steps include:
1.
2.
3.
4.
5.

Choosing a random initial population
Individual evaluation
Parental chromosome selection
Crossover and mutation
Iteration and termination

These steps can be repeatedly iterated until a point of termination is reached which will result in
the best optimization. This technique can be used for discontinuous and nondifferentiable
functions which can be difficult to perform with other conventional algorithms, but can be
inconsistent and long since the evolution process may take the solution in an incorrect direction.

LINEAR PROGRAMMING OPTIMIZATION
ESS sizing can be performed using the ideas proposed in [5]. A cost function J(Es) must be
defined for the application given by the client Caterpillar. The cost function defined in [5] is the
sum of the energy produced from load, genset, and ESS, plus the sum of the size of the ESSs.
Once the constraints are determined to meet droop specifications and voltage limits, this J(Es)
can be minimized using linear programming.
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APPENDIX K: Gantt Chart
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Task

start date

end date

Assigned

Create Methodology (original)

1/17/2018

2/5/2018

Luke

Main Code

1/17/2018

2/23/2018

Luke

Ramprate Function

1/17/2018

1/23/2018

Karim

Data Parsing

1/17/2018

1/23/2018

Zach

Peaks and Valleys Determination

1/24/2018

1/30/2018

Karim

ESS Sizer Function

1/24/2018

2/1/2018

Adam

Frequency Cuttoff Analysis

1/29/2018

2/2/2018

Luke

Ramprate Analysis

2/2/2018

2/23/2018

Adam

error finder

2/5/2018

2/9/2018

Luke

low pass filter

2/12/2018

2/16/2018

Zach

step load individualizer

2/15/2018

2/21/2018

Adam

frequency spectrum

2/19/2018

2/23/2018

Luke

threshold

2/19/2018

2/23/2018

Luke

Test Sizer (Original)

4/2/2018

4/23/2018

Team

Test Validity

2/26/2018

3/18/2018

Team

Refine Selected Methodology (Original)

2/5/2018

4/2/2018

Team

Refinement

2/27/2018

3/19/2018

Team

Packaging

3/19/2018

3/29/2018

Team

HOMER (original)

1/17/2018

3/29/2018

Peter

Researched HOMER Logic

1/17/2018

1/30/2018

Peter

Prototype MMC Logic

1/31/2018

3/29/2018

Peter
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APPENDIX L: Updated Budget

BUDGET Element

Estimated

Projected Use Upon
Completion

HOMER
Subscription

$318.72

$212.50

MATLAB 2017

$507.88

$210.38

Travel

$100.00

$57.20

Total

$926.60

$480.08
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