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Abstract: This research focused on the implementation of state-of-the-art system integration, involv-
ing a three-phase 540 KVA bidirectional inverter and a lithium-ion battery energy storage system
with a capacity of 1.86 MWh, at the Florida Solar Energy Center (FSEC). The system was firstly put
into use at the FSEC for load shifting. The second step was to add photovoltaic (PV) panels for peak
shaving. The third step was to take the FSEC completely off-grid. The goal of this research was to
provide a case study by implementing a power management algorithm, estimating the PV panel size,
and presenting the test results and an analysis. Based on the power management algorithm, load
shifting was achieved by using 180 kWh energy storage. To acquire peak shaving and the uniformity
of power consumption, an 80 kW PV farm was sufficient. The optimal PV panel size was 500 kW for
the off-grid scenario.

Keywords: battery energy storage system; load shifting; microgrid; peak shaving; photovoltaic; total
harmonic distortion

1. Introduction

A traditional grid structure includes large power plant generation stations, high-
voltage transmission lines, and distribution stations. This kind of electric power system
can be considered one of the greatest engineering achievements of mankind. This success
is due to the invention, development, and deployment of synchronous generators such as
coal gas, hydro-, and nuclear power plants [1]. However, large power plant stations utilize
mainly fossil fuels for power generation, and the power transmission lines result in high
losses. These power plants are being increasingly retired because of concerns about climate
change and the CO2 emissions generated by fossil fuels. In addition, the International
Renewable Energy Agency’s roadmap for increasing solar and wind power generation from
30% to 85% by 2050 [2] points out the future of renewable energy. The global integrated
PV capacity reached almost 800 gigawatts in 2020 [3], and private companies have been
investing in the research and development of renewable energies [4]. As a result of these
progressions, it can be claimed that renewable energy systems will be widely used in the
next two decades in residential and commercial buildings.

However, some renewable energy systems do not include an energy storage system,
instead using only PV cells and a grid [5]. The main limitation of such systems is that they
are not able to provide power to the load in the case of grid failure because the DC-AC
inverter will shut itself down. In addition, the load is not supplied at night and the excess
power during the day is not stored. Moreover, such systems usually involve grid-following
(GFL) inverters; however, it is not ideal to have too many GFL inverters because, when the
penetration of GFL inverters increases, the frequency nadir reduces. On the other hand,
even though some systems include PVs, a grid, and energy storage systems, their power
levels are low and they include simulation results [6–8], whereas our setup at the FSEC is a
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huge system and the measurements were taken from a real-world setting that was used for
two years.

A microgrid can be a self-sufficient electric power system that has an islanding ability.
A microgrid that has intelligent subsystems can also be connected to the grid. One of the
challenges of a microgrid that is connected to the main grid is the use of grid-forming (GFM)
inverters. This is because synchronous generators are coordinated to a single frequency
(60 Hz in the USA) to act in harmony, and these power plants are called grid-forming power
plants. GFM inverters act as a voltage source. This is important for forming and maintaining
a healthy grid; however, GFL inverters presume that the grid is currently formed and
maintained under good conditions, so they can be considered current sources [9]. Other
challenges include the integration and design of a power management control system to
enable renewable energy system integration. As a result of this, after testing the integrated
high-power inverter and high-energy battery storage systems, the next step is to add PV
panels into the existing system using a three-port bidirectional inverter [10,11] for microgrid
applications. The main contributions of this research include the application of load shifting
through the creation of a power management control algorithm and the implementation
of peak shaving and an even energy consumption. This will allow demand charges to be
avoided by optimizing the PV panel capacity at the FSEC.

An overview of this integrated system is given in Section 2 of this paper. It is also a
good approach to discuss what the ride-through requirements are when either a renew-
able energy source or a battery energy storage system is connected to the grid. These
requirements are pointed out in Section 3. Next, depending on the power management
algorithm, the test results and scenarios are discussed in Section 4. Section 5 explains the
methodologies that were utilized. The testing results, the simulation outcomes, and an
analysis of the system are presented in Section 6. The conclusions and future work are
summarized in Section 7.

2. Integrated System Overview

The system’s test setup consisted of five main parts, as shown by the block diagram in
Figure 1. These parts were the utility switchgear, a transformer, an electric circuit breaker, a
three-phase bidirectional inverter, and a battery energy storage system that included five
lithium-ion battery pods. The utility switchgear had a three-phase 480 VAC output, and it
was connected to the three-phase transformer as an input. The transformer was a step-up
transformer whose output was a three-phase 600 VAC, and its power was 500 KVA. It was
connected to the breaker before the power conversion system (PCS).
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2.1. Power Conversion System

The PCS used a 540 KVA Dots Energy bidirectional three-phase AC-to-DC inverter
system that consisted of three main parts: an auxiliary power supply, inverters, and a DC
combiner, as shown in Figure 2. The auxiliary supply used 3 KVA of power and comprised
a single-phase 240 VAC system for the main controller, the cooler for the BESS, and the
communication system. In the PCS, there were three 180 KVA bidirectional inverters in
parallel whose inputs were three-phase 600 VAC. The output of the inverters was 1500 VDC,
a nominal 200 amps, and a maximum of 600 amps. The DC combiner combined the DC
outputs that were generated by the inverters.
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2.2. Battery Energy Storage System

The battery energy storage system (BESS) from the Contemporary Amperex Technol-
ogy Company Limited (CATL) had a total capacity of 1400 Ah (1.86 MWh) and five battery
pods in parallel. Each pod had a nominal voltage of 1331.2 VDC and eight battery modules
in series, and the battery modules had lithium iron phosphate cells. Each battery module
had one local battery management system (BMS), each pod had one master BMS, and the
BESS was connected to the main BMS in the PCS.

3. Ride-Through Requirements in Grid Connection

Conventional AC power systems are dominated by synchronous generators (SGs).
These systems have a high inertia, behave almost as an ideal voltage source, and provide a
stable frequency [12–14], which are essential features for maintaining a highly regulated
power grid. Moreover, the current-handling capabilities of SGs are typically up to six
times the rated currents. The primary control objectives of SGs are voltage and frequency
regulation, which are achieved through exciter and governor control.

Renewable energy sources that might include battery energy storage systems are
intermittent, and they have issues involving a low inertia. This means that renewable
energy systems cannot store kinetic energy in the same way that AC power systems can.
As a result, they are more sensitive to sudden changes in the load or generation. One of the
biggest challenges posed by low inertia is the risk of cascading failures.

Therefore, the primary objective of GFL inverters is to deliver active power. Supporting
the grid is the secondary objective. However, the first objective of GFM inverters is to
regulate the voltage and frequency of the grid by changing the active and reactive power
references continuously. Based on the properties of synchronous generators, GFM inverters
should support load sharing/drooping, black starts, inertial responses, and hierarchical
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frequency/voltage regulation [15–17]. Moreover, there are basic requirements for grid
connections regardless of whether GFL or GFM inverters are utilized.

Ride-through is defined as the capability of an electrical system to maintain its connec-
tion over short periods when the electric network’s voltage or frequency changes. The ride-
through requirements are defined by the grid connection standards [18,19]; these include
the California Rule 21 and IEEE standards 1547-2018, which are shown in Tables 1 and 2.

Table 1. Frequency ride-through standards.

Frequency Range (Hz) Region Disconnection Time (s)

61.8 < f < 66 Over-frequency II 0.16
61.2 < f ≤ 61.8 Over-frequency I 299
58.8 ≤ f ≤ 61.2 Continuous operation Infinite

57 < f < 58.8 Low-frequency I 299
50 < f ≤ 57 Low-frequency II 0.16

Table 2. Voltage ride-through standards.

Voltage Range (V) Region Disconnection Time (s)

120 < V Over-voltage II 0.16
110 < V ≤ 120 Over-voltage I 12
88 ≤ V ≤ 110 Continuous operation Infinite
70 ≤ V < 88 Low-voltage I 20
50 ≤ V < 70 Low-voltage II 10

V < 50 Low-voltage III 1

For the frequency requirements, both GFL and GFM inverters must be disconnected
from the grid immediately if the frequency exceeds 66 Hz or falls below 50 Hz. When the
frequency is in over-frequency region II (61.8 Hz to 66 Hz) or low-frequency region II (50 Hz
to 57 Hz), the circuit breaker should trip in 0.16 s. While in over-frequency region I (61.2 Hz
to 61.8 Hz) or low-frequency region II (57 Hz to 58.8 Hz), the inverters can maintain their
connections to the grid for up to 299 s.

For over-voltage region II, the inverters must be disconnected from the grid in 0.16 s
when the voltage exceeds 120 V (in the USA). If the voltage value is between 110 V and
120 V, the connection should be tripped in 12 s. For low voltages, there are three regions.
The inverters can remain connected for up to 20 s, 10 s, or 1 s if the voltage levels are
between 70 V and 88 V, between 50 V and 70 V, or below 50 V, respectively.

These requirements originated from grid-connected GFL inverters. The implementa-
tion of these requirements for GFM inverters is also valid in the grid-connected mode.

4. Power Management Algorithm and Scenarios

In this section, eight different power management scenarios are discussed. As shown
in Figure 3, the first five scenarios included the power generated by PV panels. However,
Scenarios 6, 7, and 8 were not dependent on PV panels. Based on all the scenarios, it was
clear that the PV panels acted as a power source and the load was a load. On the other
hand, the battery and the grid can be power sources or loads depending on the scenario.
Each scenario is examined in this section.
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4.1. Scenario 1: All-Sources Mode

All the power flow scenarios started with checking the power of the PV panels to
determine its availability. If this power was available, then the scenario checked how much
power the load needed. Then, it examined whether the power from the PV panels was
enough for the load. If the PV panels’ power was not enough, the scenario checked the
BESS power. If the load power was not satisfied by the power of both the BESS and the PV
panels, the remaining power was obtained from the grid in this scenario. This is why all
the power sources were combined to meet the load power demand.

4.2. Scenario 2: DC2Load Mode

In this scenario, after checking the power of the PV panels and the BESS’ state of
charge in order to estimate whether the load demand can be handled, the power from the
grid was not needed. In addition, the PV panels and BESS had the same DC link bus, and
they provided AC voltage to the load by converting their DC voltage to AC voltage.

4.3. Scenario 3: PV + GRID Mode

If the PV panels produced power, but this power was not enough and the BESS did
not have sufficient energy for the load, the power from the PV panels and the grid were
utilized. Therefore, this scenario is called the PV-plus-grid mode.

4.4. Scenario 4: Sunshine Mode

In this scenario, when the sun was shining, the PV panels supplied adequate power
to the load and the excess power from the PV panels was sent to the BESS if the SoC of
the BESS was less than 0.8 in order to charge it. Thus, DC voltage from the PV panels was
converted to DC voltage for the BESS, and it was then converted to AC voltage for the load.

4.5. Scenario 5: DC2AC Mode

The recognized steps include checking the power of the PV panels first, and then
checking the SoC of the BESS. In this scenario, when the PV power satisfied the load power
and the SoC of the BESS was full, the surplus power was sent to the grid.

4.6. Scenario 6: BESS + GRID Mode

In this scenario, the PV panels did not supply any power. Therefore, the load needed
to obtain power from the grid and the BESS. Load shifting was performed in this scenario.
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4.7. Scenario 7: BESS Mode

In this scenario, the load power was covered fully by the BESS, and the number of
hours for which the BESS can supply power until the grid is necessary was determined.
This mode helped to determine the size of the BESS when the whole system moved towards
disconnecting from the grid.

4.8. Scenario 8: GRID Mode

This scenario provides the load profile and energy usage of the system when the PV
panels and the BESS do not exist because the load demand is satisfied by the grid.

5. Methodology
5.1. Optimal Cost, BESS, and PV

The optimal battery size can be different depending on each case study, and the case
studies were also very similar to each other, as mentioned in References [20–22]. However,
in this model, the following equations [23] were utilized for two cases. In the first case, the
BESS’s capacity size and the PV panels’ power size were determined based on the building
energy consumption and solar irradiance of the location. In the second case, the size of the
PV panels was determined depending on the BESS already located at the FSEC.

The total power generated, PGen(t), by solar power (Psolar(t)) is given in Equation (1).

PGen(t) = PPV(t),
Psolar(t)
1kw/m2 (1)

For a given average load power of PLoad(t) with inverter and battery efficiencies of
ηInv. and ηBat, respectively, the required present average battery power, PBat(t), can be de-
termined using Equation (2), where PBat(t − 1) represents the prior average battery power.

PBat(t) = PBat(t − 1) +
(

PGen(t)−
PLoad(t)

ηInv

)
, ηBatt (2)

If we define the total minimum and maximum battery pack energies as EBat,min(t) and
EBat,max(t), respectively, then their values are limited by the minimum and maximum SoC,
as follows in Equations (3) and (4).

EBat,min(t) = SoCmin, EBat (3)

EBat,max(t) = SoCmax, EBat (4)

Then, our charging algorithm will guarantee that the nominal stored battery energy
EBat is governed by Equation (5).

EBat,min < EBat < EBat,max (5)

When the power generated from the PV panels and the power stored in the battery
pack are not enough to cover the load power at a given time t, the power loss (PL) is defined
by Equation (6).

PL(t) = PLoad(t)− (PGen(t) + PBat(t − 1)− PBat,min(t)), ηInv (6)

Then, the power loss probability (PLoP) is defined as the ratio of the total power loss
to the total load power; it is expressed in Equation (7).

PLoP =
∑T

t=1 PL(t)

∑T
t=1 PLoad(t)

(7)
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5.2. Load Shifting

The idea of load shifting is to reduce the energy usage or load demand during the
peak demand hours and to move that energy usage to off-peak hours [24]. Basically, using
energy storage systems during on-peak hours and charging them during off-peak hours
makes the energy usage more uniform [25]. In this process, the total energy consumption
does not change, but it helps to avoid extra charges by the utility [26]. Even though the
on-peak hours can depend on the season, the on-peak and off-peak hours can be defined as
shown in Equation (8):

t =
{

o f f − peak hours, 9 PM < t < 5 AM
on − peak hours, 5AM < t < 9 PM

(8)

Then, depending on the time, the energy storage systems can be a load or a supply.
The function of the load demand is defined in Equation (9), where PLoad(t) is the load
demand power at time t, PGr(t) is the power supplied by the grid at time t, and PBat(t) is
the battery-load power or the battery-supply power at time t:

PLoad(t) =
{

PGr(t)− PBat(t), 9 PM < t < 6 AM
PGr(t) + PBat(t), 6AM < t < 9 PM

(9)

5.3. Peak Shaving

Peak shaving is the process of reducing the power consumption during periods of high
demand [27] by using usually renewable energy sources. In contrast to the load-shifting
objectives, the peak shaving process reduces the total energy consumption of the grid.

Two methods of peak shaving [28] are illustrated in Figures 4 and 5. One of the popular
techniques is called the fixed-demand method, in which the BMS executes a command
to charge at a lower demand limit and to discharge at an upper demand limit. Another
technique is the fixed-threshold method. In the fixed-threshold method, when the load
demand is higher than the threshold limit, the BESS is discharged. When the load demand
is less than the threshold limit, the BESS is charged.
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6. Results and Discussion

In this section of the article, the simulation and test results and measurements are
presented and discussed. The first test was the factory acceptance test (FAT). The battery
pods were charged and discharged according to the manufacturer’s parameters. When this
test was performed, the results were sent to the company via the BMS. Then, the company
confirmed whether the battery pods were safe to operate. Next, we tested the scenarios
by starting from scenario 8, because it was important to determine the load profile first.
Therefore, the scenarios are presented in descending order in this section. In this section,
after all the calculations were performed, the following efficiencies were considered: 92%
for the PCS and 98% and 97% for the BESS during charging and discharging, respectively.

6.1. Battery Safety Testing Results

First, the FAT was performed on the batteries. This test was conducted according to
the FAT requirements from the CATL company as follows: start at a 40% SoC (state-of-
charge), then discharge the batteries to a 0% SoC. After that, charge them to a 100% SoC
and discharge them to a 0% SoC. Again, charge them to a 100% SoC and discharge them to
a 40% SoC. Figure 6 illustrates the power usage of the FSEC during the test. Figure 7 shows
the power usage from the grid during the second BESS test, which was conducted in order
to determine how the FAT is performed in a real-world setting.
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Figure 7. BESS power usage from grid during second FAT.

The SoC of the second battery pod in the BESS is plotted in Figure 8. The reason for
this test was to ensure that all the BMSs in the BESS were working properly. In addition, it
is crucial to confirm that the voltages of all the battery cells are within the desired limit, and
that the cooling system functions as programmed. The thermal management technique for
the BESS was a liquid cooling management system.
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6.2. Scenario 8 Testing Results

After the FAT, the next test involved executing the GRID mode scenario. This test
helped us visualize the energy usage of the FSEC building before the integration. In
addition, it can help determine how many PV panels are needed, how much peak shaving
can be implemented, and how much battery capacity is needed for islanding in a microgrid.
The FSEC’s average power usage in 2021 is illustrated in Figure 9.
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Figure 9. FSEC’s average power consumption in a year.

The integration of this system started in the first quarter of 2022, and many tests were
performed from time to time. During these tests, the power from the grid was utilized
excessively. We chose not to provide the average power usage for 2022 because it might
not accurately reflect the energy usage of the FSEC building. Therefore, the load profile
of the FSEC in 2021 is provided. Figure 10 explains the energy usage of the FSEC during
each season. The usage was 2414 kWh, 2632 kWh, 3320 kWh, and 3001 kWh in the winter,
spring, summer, and fall seasons, respectively.
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It was also realized that the energy usage in the summer and fall was due to the hot
weather in Florida and the usage of air conditioning, but the solar irradiance of those
seasons is also higher, as shown in Figure 11.
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6.3. Scenario 7 Testing Results

The BESS mode allowed us to observe for how many hours the FSEC experienced zero
power usage from the grid while discharging the BESS. As shown in Figure 12, the power
usage of the FSEC was simulated for three days. Figure 13 illustrates the SoC of the BESS
during this scenario. As a result of this scenario, the energy usage of the FSEC from the
grid became zero for more than 9 h. The reason that the FSEC power usage is in minutes
is because the data were taken from the utility, which measured the power usage every
minute. However, the SoC data were taken from the BMS in the BESS, which checked the
SoC of the batteries every second.
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6.4. Scenario 6 Testing Results

Load shifting was performed in Scenario 6 using the BESS + GRID mode. In this
simulation, 110 kWh of energy used from the battery pods between 6 AM and 4 PM was
shifted to the time period between 5 PM and 3 AM, as plotted in Figure 14 based on the
average power usage for one year.
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Figure 14. Load-shifting simulation results.

However, due to the fact that the charging and discharging efficiencies were not
equal, and some electrical energy was converted to heat energy, the total number of
battery-charging hours was one hour more than the total number of discharging hours
in practice. Therefore, 180 kWh of energy utilized from the batteries between 8 AM and
5 PM was shifted to the period between 8 PM and 5 AM for the month of April. These
test measurements were performed only on weekdays. It can be seen that the energy
consumption during on-peak hours shifted to off-peak hours, as demonstrated in Figure 15.
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6.5. Scenario 1 through 5 Simulation Results

This section includes the first five scenarios. The FSEC has 80 kW power PV panels
that were acquired for another research purpose. Now, these PV panels are being integrated
into the existing system, and the fixed-threshold method was applied. The expected FSEC
power usage profile if these PV panels are utilized is illustrated in Figure 16.
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Figure 16. Peak shaving simulation results without energy storage.

However, if the BESS with the 80 kW PV farm is used for two goals—peak shaving
and the uniformity of power consumption—then, theoretically, a 196 kWh BESS is sufficient
to achieve better peak shaving, as seen in Figure 17. The batteries should not be discharged
fully in order to increase their lifespan, and the batteries’ charging/discharging efficiency
should also be considered. As a result, a 250 kWh BESS is encouraged.

The next goal in this scenario was to increase the BESS size and PV panel size in order
to obtain a microgrid with an islanding mode, which allows it to disconnect fully from
the grid. As seen in Figures 18 and 19, the PLoP and the optimal sizes of the BESS and PV
panels were simulated based on the cost function in [29] for the FSEC building. Therefore,
in order to be off-grid, the optimal BESS energy capacity and PV panels’ power capacity
should be 650 kWh and 500 kW, respectively. This also means that a capacity of PV and
BESS below these values should not be selected.
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6.6. Total Harmonic Distortion (THD) Testing Results

In this test, the data were obtained with an oscilloscope by using current transforms
(CTs). The CTs used were high CTs, with the model number SCT-065-800 from EKM
Metering Inc., and they provided an output of 26.6 mA when 800 A traveled through
the CTs.

The waveforms were obtained at the utility switchgear in order to observe how much
the waveforms were distorted before sending them to the grid. The voltage and current
waveforms were measured while the BESS was discharged at 200 kW for 10 min and while
the BESS was charged at 100 kW for 10 min. The voltage waveforms are shown in Figure 20
while charging and Figure 21 during discharging.
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Figure 21. Voltage waveforms during discharging.

At the utility switchgear, the voltage was 480 VAC; then, the RMS current level became
240.56 A for a 200 kW discharge. Theoretically, this 240.56 A current traveled through the
CTs, whose outputs were 7.999 mA; then, 799.9 mV must be seen in the oscilloscope when
using a 100-ohm resistor, as illustrated in Figure 22. During the 100 kW BESS charge, the
output current became half of that during the discharging scenario, as demonstrated in
Figure 23.
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Figure 23. Current waveforms during charging.

The THD (Total Harmonic Distortion) is a relative measure of the distortion defined
through the ratio of the RMS value of the distorted waveform and the RMS value of the
fundamental component [30]. The THD is defined in Equation (10).

THDi =

√
(

Idistorted,RMS

I f undamental,RMS
)

2
− 1 (10)

During discharging, the average THD value is 7%. However, it is 16% for a 100 kW
charging scenario. The reason that the THD level became worse was because the high CTs’
accuracy decreased when the current level decreased.

7. Conclusions

The incorporation of advanced systems at the FSEC through a partnership between
the University of Central Florida and A.F. Mensah Inc. includes a bidirectional three-phase
inverter with a capacity of 540 KVA and a battery energy storage system with a capacity
of 1.86 MWh. The integrated system is currently being used by the FSEC without PV
panels. This study provides an overview of this integrated system and a discussion of eight
power management scenarios for a microgrid purpose. The energy consumption of the
building, the reduced energy consumption, battery testing, load shifting, and peak shaving
are presented. Except in the case of peak shaving, the data for the other cases were obtained
via real-time measurements (the peak shaving case requires PV panel integration). Firstly,
load shifting was achieved by shifting 180 kWh of energy usage from the morning times
to night times. Secondly, the peak shaving case was simulated for two cases, with a BESS
and without a BESS. An 80 kW PV farm with a 250 kWh BESS was adequate to obtain peak
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shaving and the uniformity of power consumption. Thirdly, to form a microgrid without a
grid, the optimal capacity of the PV panels was determined to be 500 kW. The THD level
was determined to be 0.07 in the case where 200 kW of power was sent to the grid. It is
crucial to mention that, when more power was sent to the grid, the THD level became better
due to the nature of the current transforms. A future step will be to integrate a three-port
bidirectional inverter using modular-design, GaN-based switches and PV panels, because
the current inverter is a two-port bidirectional inverter.
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