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Emerging Energy Technology Fund Overview
New technology passes through a variety of phases as it proceeds from development and testing to
commercialization in the real world. Emergence is a critical middle phase in the development process of
energy technology, linking research and development to the commercialization of energy solutions.
Although the Arctic possesses bountiful energy resources, the Arctic also faces unique conditions in
terms of extreme climate and environmental conditions, low population densities, high energy costs,
challenging logistics, and the isolated nature of community electrical generation and transmission
systems. These conditions make the Arctic an ideal and rugged test bed for energy technology. Emerging
energy technology provides a unique opportunity to meet Arctic energy needs, develop energy
resources, and create global expertise.
Building on the success of the Emerging Energy Technology Grant, funded by the Denali Commission in
2009, the Alaska State Legislature created the Emerging Energy Technology Fund (EETF) in 2010 to
promote the expansion of energy sources available to Alaskans. These grants, managed by the Alaska
Energy Authority, are for demonstration projects of technologies that could reasonably become
commercially viable within five years. Projects can
• test emerging energy technologies or methods of conserving energy;
• improve an existing technology; or
• deploy an existing technology that has not previously been demonstrated in the state.
The funded projects for Round 2 of the EETF include the following:
• Alaska Sea Life Center, Trans-Critical CO2 Heat Pump System
• Chugach Electric Association, Inc., Multi-Stage Flywheel/Battery Energy Storage System
• Cold Climate Housing Research Center, Evaluation of Cold Climate Air Source Heat Pumps as an
Energy Conservation Strategy
• TDX Power, Inc., St. Paul Flywheel Storage System
Award recipients for EETF grants are selected through a competitive application process. Project
selection for the EETF program uses a two-stage application process and has a volunteer advisory
committee appointed by the governor.

Project Introduction
Chugach Electric Association (CEA) is a utility on Alaska’s Railbelt electrical grid that has 531 megawatts
(MW) of installed generation, including 17.6 MW of installed wind power on Fire Island, west of
Anchorage, which CEA obtains through a power purchase agreement (PPA). The Railbelt is a relatively
light grid on which the potential impacts of a variable 17.6 MW wind farm are not negligible. The owner
of Fire Island Wind has expressed a desire to expand the wind farm to 52 MW. To buffer the variable
generation of the wind farm, a combined flywheel and battery multi-source energy storage system
(MSESS) was installed to test whether such a system can ease integration issues. CEA indicated that if
the system is successful at easing the integration of variable renewable energy production, wind farm
expansion would become more technically viable, although the economic requirements of such a
project would need to be considered.
The flywheel was manufactured by Pillar, rated at 1 MW and 16.5 MJ (megajoules). The battery modules
are power-rated modules from Samsung SDI, rated at 2 MW (4C) for a maximum of 5 min and 1.25 MW
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(2C) continuous. The battery modules are made of nickel cobalt manganese and lithium magnesium
oxide power cells in a proprietary blend from Samsung SDI. The flywheel provided the primary response
to limit cycling of the batteries and prolong their life. ABB provided the PCS 100 inverters and was the
project integrator.
The following organizations were involved in the project:
Chugach Electric Association
Chugach Electric Association is headquartered in Anchorage, Alaska's largest city. The utility was
incorporated as a Rural Electrification Administration cooperative in 1948. Today CEA serves 84,000
metered customers and has about 530 MW of installed generating capacity. The flywheel/battery
storage project is an attempt to improve integration of non-firm renewable energy into its grid and
determine how well batteries and flywheels can address grid upset conditions.
Alaska Center for Energy and Power
The Alaska Center for Energy and Power (ACEP), an applied energy research program based at the
University of Alaska Fairbanks (UAF), provided technical support for data collection. In addition, ACEP
provided independent project and performance analysis and reporting. This report is the final product
of that effort.
Alaska Energy Authority
The Alaska Energy Authority (AEA), the state’s energy office, is an independent corporation of the State
of Alaska; its programs place Alaska at the forefront of innovative ways to address high energy costs.
The AEA manages the Emerging Energy Technology Fund grants.
ABB
ABB was the project integrator of the MSESS. ABB also collaborated with ACEP on the analysis of the
MSESS’s performance and the creation of this report.

Technology Overview
The primary goal of the multi-source energy storage system (MSESS) was to minimize the wind farm’s
negative impact on grid stability. To achieve this goal, several MSESS controls were tested, including
limiting the wind farm ramp rate, responding to frequency deviations, supplying inertia, and responding
to area control error (ACE)1. This document reports on ACEP’s analysis of the MSESS’s performance in
each of these control states based on several months of logged data from the MSESS. Secondary goals
related to the project’s ability to support grid operations in general, while important, were not the focus
of this report.

Control States Overview
The MSESS has four control states:
• Wind ramp regulation: injects or absorbs power to maintain the ramp rate of the wind farm’s
output within a predefined limit;
• Frequency and inertia support: injects or absorbs power proportionally to deviations in grid
frequency and rate of change of frequency (RoCoF);
1

ACE is the difference between the scheduled and actual power generation within a control area and takes into
account necessary differences to compensate for frequency deviations.
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•
•

Area Control Error (ACE) regulation: injects or absorbs power to reduce ACE1;
Recharge: brings the state of charge of the MSESS back to a predefined set-point.

Wind Ramp Regulation Control
When operated in “Wind Ramp Regulation” control mode, the MSESS compensates the output of the
Fire Island wind farm to maintain its ramp rates within predefined bounds. This section describes the
MSESS “Wind Ramp Regulation” controls, the procedures and results of tests to determine the ability of
the MSESS to regulate the wind farm ramp rates, and a summary.

Control methodology
The MSESS compensates the Fire Island wind farm output power in order to maintain its ramp rates below
the set maximum ramp rate. A wind farm power set-point follows the wind farm output but limits the
maximum ramp rate to 42 kW/sec as illustrated in Figure 1.

Figure 1: Illustration of the ramp rate limited set-point for the wind farm. The drop-in wind power was more
than 42 kW/sec and the ramp rate control shows what the target drop in wind power should be.

The difference between the wind farm power set-point and the actual wind farm output is used as the
MSESS set-point, as shown in the following formula.
𝑃𝑀𝑆𝐸𝑆𝑆 𝑠𝑒𝑡 = 𝑃𝑤𝑖𝑛𝑑 𝑠𝑒𝑡 − 𝑃𝑤𝑖𝑛𝑑
Where:
𝑃𝑤𝑖𝑛𝑑 𝑠𝑒𝑡 is the ramp-limited wind farm set-point
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𝑃𝑤𝑖𝑛𝑑 is the actual wind farm power
𝑃𝑀𝑆𝐸𝑆𝑆 𝑠𝑒𝑡 is the set-point for the MSESS.
The battery and flywheel share the response, depending on their state of charge2 (SOC) based on the
parameters shown in Table 2. The SOC refers to the amount of energy that is stored in the battery or
flywheel as a percent of their full capacity. Charging causes the SOC to increase and discharging causes it
to decrease.
Table 1: Wind power ramp rate smoothing set-points. SOC refers to “state of charge.”
Parameter
SOC_A_dis
SOC_B_dis
SOC_A_ch
SOC_B_ch
Max_Ramp

Description
Batt/FW Sharing, Discharge, Flywheel SOC point-A
Batt/FW Sharing, Discharge, Flywheel SOC point-B
Batt/FW Sharing, Charge, Flywheel SOC point-A
Batt/FW Sharing, Charge, Flywheel SOC point-B
The ramp rate to limit the wind farm output to

Units
%
%
%
%
kW/sec

Value
1
99
75
99
42

While discharging to reduce a negative wind farm ramp, the flywheel handles the entire response when
its SOC is above SOC_B_dis. When the flywheel’s SOC is below SOC_B_dis and above SOC_A_dis, the
battery and flywheel begin to share the response based on the SOC of the flywheel. Below SOC_A_dis,
all power is provided by the battery. While charging to reduce a positive wind farm ramp rate, the
flywheel handles the entire response when its SOC is below SOC_A_ch. When its SOC is between
SOC_A_ch and SOC_B_ch, the battery and flywheel share the response based on the state of charge of
the flywheel. When its SOC is above SOC_B_ch, only the battery responds.
Figure 2 shows an example of power sharing between the battery and flywheel based on the flywheel
SOC. In this scenario, the battery and flywheel are discharging to minimize a negative ramp rate from
the wind farm. The initial SOC of the flywheel is 50%. The SOC_B_dis parameter is 99%, which means
when the flywheel’s SOC is above 99%, then the flywheel will supply all the power. Since the SOC of the
flywheel is typically set to less than 99%, the battery and the flywheel normally share the power
proportionally to the flywheel’s SOC. As the flywheel’s SOC decreases, its share of the power also
decreases and the battery’s share increases. When the SOC of the flywheel reaches SOC_A_dis, which is
set to 1%, the battery supplies all the power.

2

State of charge (SOC) refers to the amount of energy that is stored in the energy storage as a percent of full
capacity.
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Figure 2: An example of power sharing between the battery and the flywheel based on the flywheel SOC. In this
scenario, the battery and flywheel are discharging to minimize a negative ramp rate from the wind farm. The battery
and the flywheel share the power output proportionally to the SOC of the flywheel. Once the flywheel’s SOC falls
below “SOC_A_dis,” the battery supplies all the power.

Test Description
The “Wind Ramp Regulation” control mode was tested over a 1.5-day period where it and “Recharge”
were the only active control states. Figure 3 shows an overview of the test data. The top plot shows the
MSESS power, which attempted to limit the effective wind power ramp rate to 42 kW/sec and the
bottom plot shows the wind farm power. From June 27 at 12:00 p.m. to June 28 at 6:45 a.m. the wind
turbines were held at constant power outputs, which were increased or decreased in steps. This
resulted in large negative ramp rates when the wind turbines dropped to a lower power level and the
battery and flywheel responded accordingly (seen in Figure 3). The positive ramp rates while increasing
the loading were smaller and did not require a sustained response from the MSESS. From June 28 at
6:45 a.m. to June 29 at 12:00 a.m. the wind farm output appeared to follow the wind speed. During this
period, there were fewer large ramp rate events but a higher average ramp rate since the wind power
was not limited to a fixed value. These two periods, demonstrating high and normal magnitude wind
farm power ramp rates, allowed a thorough test of the ability of the MSESS to reduce the effective Fire
Island ramp rate.
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Figure 3: Data where Wind Ramp Regulation was only control state other than recharge. MSESS power
(top). Wind power (bottom).

Test data was logged at a resolution of 1 sample/sec by a historian while changes in wind power and the
response of the MSESS occurred on shorter time scale. In addition, a slight delay was added during the
measurement of the MSESS output. Thus, when comparing the output of the MSESS with that of the
wind farm, a lag of 1 second was often measured, which did not reflect the actual response time of the
MSESS. As a result, short duration ramp rates in the combined outputs of the wind farm and MSESS
could not be analyzed.
The following terms are used in the following test descriptions:
•
•
•
•
•

Raw wind farm power: The wind power as measured by the historian.
Compensated wind farm power: The sum of the raw wind farm and MSESS outputs.
Smoothed raw wind farm power: The raw wind power after a 10 second moving average was
applied.
Smoothed compensated wind farm power: The compensated wind power after a 10 second
moving average was applied.
Ramp-limited set-point: The target output of the wind farm that limits its output to the
maximum ramp rate of 42 kW/second.

Three methods were used to analyze the success of the MSESS in “Wind Ramp Regulation” control
mode. In the first, ramp rates in the smoothed raw wind farm power and smoothed compensated wind
farm power were compared. Using smoothed values reduced the impact of short duration ramp rates
that resulted from the measurement sampling rate and delays. These results indicated of the amount of
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time the wind farm spent operating at different ramp rates but did not indicate the duration of
individual ramp rate events.
In the second method, the deviation in the raw wind farm power and compensated wind farm power
from the ramp-limited set-point were compared. These results indicated the amount by which the wind
farm deviated from the ramp-limited set-point, but did not indicate the duration of individual deviation
events.
In the third method, to determine the magnitude and duration of individual events during which the
wind farm deviated from the ramp-limited set-point, the time-integral of each event was measured in
MWs. The time-integrals for the raw and compensated wind farm outputs were compared to determine
the ability of the MSESS to reduce sustained wind farm ramp events. This matters because sustained
wind farm ramp rates have a larger impact on grid frequency than short duration wind farm ramp rates,
since they represent a larger change in power.

Test Results
Figure 4 shows an example of a large drop in wind farm output during the test. The top plot shows the
raw wind farm power, smoothed raw wind farm power, compensated wind farm power and smoothed
compensated wind farm power. The middle plot shows the resulting ramp rates for the smoothed and raw
wind farm powers. Smoothing removed the large instantaneous spikes in ramp rates as a result of the
measured delay in MSESS response. In the bottom plot, the values of absolute ramp rates above 42
kW/sec are shown for the smoothed ramp rates. The smoothed compensated wind farm power operates
above 42 kW/sec at times. However, the magnitude and length of time spent operating above 42 kW/sec
are reduced compared to the smoothed raw wind farm power.
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Figure 4: Raw wind farm power, smoothed raw wind farm power, compensated wind farm power and smoothed compensated
wind farm power (top plot), their ramp rates (middle plot), and ramp rate deviations from 42 kW/sec (bottom plot).

Table 2 shows the average ramp rate, the amount of time spent above 42 kW/sec, and the ramp rates
that the smoothed raw wind farm power and smoothed compensated wind farm power spent 90th, 99th,
and 99.9th percentiles (meaning that 90%, 99% and 99.9% of the time, respectively, the ramp rate fell
below these values). The MSESS reduced the time spent above the target maximum ramp rate by 27%
and also reduced the number of very large ramp rates.
Table 2: Average and percentile ramp rates of smoothed raw and compensated wind farm power.

Metric

Avg. abs. ramp [kW/s]
Percent of time ramp > 42 kW/sec [%]
90th prctl. abs. ramp [kW/sec]

Smoothed Raw
Wind Farm
Power
18
11
48

8

Smoothed Comp.
Wind Farm
Power
17
8
43

Improvement [%]

6
27
10

99th prctl. abs. ramp [kW/sec]
99.9th prctl. abs. ramp [kW/sec]

96
152

84
135

13
11

The second method used to analyze the performance of the MSESS at reducing wind farm ramp rates
was to measure the deviation of raw wind farm power and compensated wind farm power from the
ramp-limited set-point. Deviations are measured in kW instead of kW/sec and provide a measure of how
far the raw and compensated wind power operated from the target ramp-limited wind farm output.
Figure 5 shows the same drop in wind farm power as Figure 4. The top shows the raw wind farm power
and compensated wind farm power along with the ramp-limited set-point. The bottom plot shows their
deviation from the ramp-limited set-point. The compensated wind farm power more closely follows the
set-point than the raw wind farm power.

Figure 5: The top plot shows raw wind farm power, compensated wind farm power and ramp-limited set-point during a high
ramp rate event. The bottom plot shows their deviation from the ramp-limited set-point

Table 3 shows the average and percentile deviations from the ramp-limited set-point for the raw wind
farm power and compensated wind farm power. The MSESS was able to reduce the deviations in wind
farm output from the ramp-limited set-point, especially reducing the number of large deviations.
9

Table 3: Average and percentile deviations from the ramp-limited set-point for raw wind farm power and
compensated wind farm power.

Metric
Avg. abs. Dev [kW]
90th prctl. Dev [kW]
99th prctl. Dev [kW]
99.9th prctl. Dev [kW]

Raw Wind Farm Power
106
247
644
1382

Comp. Wind Farm Power
97
208
328
444

Improvement [%]
8
16
49
68

However, these results did not indicate the duration of wind farm ramp events. In order to measure any
improvement from the MSESS at reducing sustained ramp events, a third method was employed: the
time integrals of individual wind farm ramp events were measured. A ramp event was specified as any
period during which the raw wind farm power deviated by more than 500 kW from the ramp-limited setpoint. For example, Figure 5 shows the raw wind farm power with a time-integrated deviation of 44
MWs from the ramp-limited set-point and the compensated wind farm power with a time-integrated
deviation of 7 MWs. These values represent the area that falls under the wind farm deviation curves.
Table 4 shows the average, max, and percentile time-integrated deviations of ramp events for the raw
wind farm power and compensated wind farm power. There were 365 events with deviations greater
than 500 kW during the test period. These results show the MSESS was able to reduce the timeintegrated magnitude (in MWs) of ramp events by 78%, with a slightly greater reduction in larger events,
either in terms of deviation or duration. For example, from Table 4, the maximum time-integral of the
compensated wind farm power deviations from the ramp-limited set-point was 7.2 MWs. This is equal to
the red curve shown in the bottom plot of Figure 5. The maximum for the raw wind farm power was
49.6 MWs, greater than the 44 MWs deviation shown by the blue curve in the bottom plot of Figure 5.
That represents a reduction of 85%.
Table 4: Average and percentile magnitudes of time-integrated wind farm deviation events from the ramp-limited
wind farm set-point.

Metric
Avg. abs. Integrated Deviation [MWs]
90th prctl. Integrated Deviation [MWs]
99th prctl. Integrated Deviation [MWs]
Max. abs. Integrated Deviation [MWs]

Raw Wind Farm
Power
4.5
9.1
38.2
49.6

Comp. Wind
Farm Power
1
1.9
6.0
7.2

Improvement [%]
78
79
84
85

Summary
While in “Wind Ramp Regulation” control mode, the MSESS compensated the Fire Island wind farm
output to maintain the effective ramp rates below a predefined set-point. The battery and flywheel
shared the MSESS response based on the SOC of the flywheel. Three different methods were used to
assess the ability of the MSESS to maintain the compensated wind farm output ramp rates below the
set-point. In the first, the ramp rates in smoothed raw wind farm power and smoothed compensated
wind farm power were compared. In the second, the deviation in raw wind farm power and
compensated wind farm power from the ramp-limited set-point were compared. In the third, the timeintegral of individual deviation events were compared for raw wind farm power and compensated wind
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farm power. The first two methods provided a measure of the reduction in wind farm ramp rates
overall. The third method provided a measure of the reduction in sustained wind farm ramp rates. Each
metric showed a reduction in wind farm ramp rates with the greatest reduction in sustained wind farm
ramp events.

Area Control Error (ACE) Regulation Mode
Area Control Error (ACE) takes into account the difference between scheduled and actual interchange
power flow as well as the balancing authority’s obligation to support frequency. ACE is calculated by the
following equation [1]:
𝐴𝐶𝐸 = (𝑁𝐼𝑎 − 𝑁𝐼𝑠 ) − 10𝐵(𝑓𝑎 − 𝑓𝑠 )
Where:
𝑁𝐼𝑎 is the actual net interchange in MW;
𝑁𝐼𝑠 is the scheduled net interchange in MW;
𝑓𝑎 is the actual system frequency in Hz;
𝑓𝑠 is the scheduled system frequency in Hz;
𝐵 is the system frequency bias constant in MW/0.1 Hz.
The term (𝑁𝐼𝑎 − 𝑁𝐼𝑠 ) is the difference between the actual and scheduled power flow between control
areas. Power flow into a control area is defined as negative.
The term 10𝐵(𝑓𝑎 − 𝑓𝑠 ) is the balancing authority’s required frequency support. The frequency bias
constant (𝐵) is based on the measured frequency response, which is discussed in the “Frequency and
Inertia Support Control Mode” section.
When in “ACE Regulation” control mode, the MSESS injects or absorbs power to reduce ACE.

Control Methodology
Figure 6 shows the control diagram used to calculate the MSESS’s response to ACE. ACE measurements
are smoothed with a filter to avoid the MSESS responding to short spikes in the measured ACE. After
being smoothed, a dead-band is applied. This stops the MSESS from responding to ACE values lower
than the given magnitude. Finally, a gain is applied, which determines the amount by which the MSESS
will reduce ACE values greater than the dead-band. The same dead-band applies to the battery and
flywheel while their gains can be set individually. Table 5 shows the dead-band and gains used during
the week of “ACE Regulation” control mode testing.

Figure 6: ACE Regulation control diagram.
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Table 5: Control parameters for ACE regulation.
Parameter
Deadband [kW]
Battery gain [%]
Flywheel gain [%]

Value
+/-6000
10
10

Test Description
The MSESS’s performance in “ACE Regulation” mode was tested for one week, during which time “ACE
Regulation” was the only active control mode besides the “Recharge” control mode. Figure 7 shows an
overview of the test data. The top plot shows the power output of the battery and flywheel and the
bottom plot shows the actual and smoothed ACE. The smoothed ACE values were used as the inputs to
calculate the MSESS’s response. The reduction to ACE was directly measured as the MSESS’s output.
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Figure 7: Overview of data used to analyze the performance of the MSESS while operating in “ACE Regulation” control mode.
The top plot shows the power output of the battery and flywheel. The bottom plot shows the actual and smoothed ACE. The
smoothed values of ACE were used as the inputs to calculate the MSESS response.

Test Results
Figure 8 shows an example of the MSESS responding to an ACE event. The top plots shows the response
of the MSESS. Since both the flywheel and battery have identical control parameters, they initially
respond identically. However, due to the lower energy capacity of the flywheel, it is unable to sustain
this power output for the entire duration of the event. The bottom plot shows the unsmoothed ACE and
the smoothed ACE.
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Figure 8: Example of the MSESS responding to an ACE event. The top plot shows the response of the MSESS and the bottom plot
show the raw ACE and the smoothed ACE, which was used to calculate the response of the MSESS.

Figure 9 and Figure 10 show the response of the battery and flywheel, respectively, plotted against the
smoothed ACE (blue). The red lines show the steady state control set-points based on the dead-band
and gain settings. The operation of the battery and flywheel track the steady state set-points. There
were instances where the flywheel was unable to maintain its set-point output due to its state of charge
and returned to zero output.
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Figure 9: Battery response plotted against the smoothed ACE (blue). The red line shows the steady state control set-point based
on the dead-band and gains.
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Figure 10: Flywheel response plotted against the smoothed ACE (blue). The red line shows the steady state control set-point
based on the dead-band and gains.

Figure 11 shows the distribution of the time spent at different ACE values. The “ACE Regulation” deadband is +/- 6000 kW; therefore, the MSESS does not respond to ACE for a majority of the time. During
the week of testing, the MSESS responded to 10 events during which the smoothed ACE had a
magnitude greater than 6000 kW, as shown in Figure 7.
The MSESS was programmed to reduce magnitudes of ACE greater than 6 MW by 10%. In the example
shown in Figure 8, smoothed ACE reached a magnitude of 13 MW which the MSESS reduced by 1.4 MW.
In the “ACE Regulation” control mode, the maximum percent reduction in ACE was 11.1% (2 MW
reduction with an ACE of 18 MW3) and the maximum absolute reduction in ACE was 3 MW (10.7%
reduction with an ACE of 28 MW). A further reduction in ACE with a magnitude of less than 28 MW
could be achieved by increasing the MSESS gains and reducing its dead-band. The MSESS’s absolute
reduction in ACE is limited by its power capacity of 3 MW if the flywheel has a sufficient state of charge
or 2 MW if the flywheel does not.

3

An ACE of 16 MW will result in a 2 MW output from the MSESS. However, the MSESS output impacts ACE. Thus,
the actual ACE must be 16 MW + 2 MW = 18 MW.
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Figure 11: Distribution of the percent of time spent at different values of ACE.

Summary
The MSESS successfully reduced ACE according to its control parameters while operating in the “ACE
Regulation” control mode. With the control settings used during the test, the MSESS responded to ACE
events with a magnitude greater than 6 MW, only responding with full-powered output during ACE
events with a magnitude greater than 28 MW. By reducing the MSESS’s dead-band and increasing its
gains, the MSESS could further reduce ACE at magnitudes lower than 28 MW. The absolute reduction in
ACE is limited by the MSESS’s power capacity and the flywheel’s state of charge. Although the size of
this project was not intended to have a meaningful impact on actual grid operations, this test
demonstrated the viability of a larger capacity project to provide a significant benefit.

Frequency and Inertia Support Control Mode
Mismatches between power generation and consumption on a grid result in frequency deviations away
from 60 Hz. More or less generation than consumption results in a frequency increase or decrease,
respectively. Adding a variable resource such as wind power can result in grid frequency fluctuations, as
synchronous (controllable) generation responds to make up for the changes in the wind power output.
When in the “Frequency and Inertia Support” control mode, the MSESS supplies a fast response to
changes in wind power generation, or any other source of generation or load, that affect grid frequency.
In this mode, the MSESS injects or absorbs power based on the change in frequency from its set-point,
as well as in the rate of change of frequency (RoCoF). The MSESS can respond faster than synchronous
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generation and can reduce short duration deviations in grid frequency4. This control mode can be used
in conjunction with the “Wind Power Ramp Rate Regulation” control mode, which limits the ramp rates
of the wind farm.
This section describes the control algorithms that determine the MSESS’s response to changes in grid
frequency and the tests to determine the MSESS’s impact on grid frequency. The section also presents
test results and conclusions.

Control Methodology
The “Frequency and Inertia Support” control mode minimizes frequency excursions by injecting or
absorbing power based on frequency deviation from a set-point (Hz) and the rate of change of
frequency (RoCoF) (Hz/s). For frequency support, the MSESS absorbs power when frequency is above
the set-point and it supplies power when frequency is below the set-point. For inertia support, the
MSESS absorbs or supplies power when frequency increases or decreases above a certain rate,
respectively. For both frequency and inertia support, dead-bands and gains are applied. The dead-bands
prevent the MSESS from responding to frequency deviations or rates of change with absolute
amplitudes that are lower than the dead-bands. After the dead-band is applied, the gains convert the
frequency deviation (Hz) or RoCoF (Hz/s) to a power set-point (kW) for the MSESS.
Figure 12 shows a simplified control diagram for frequency support. The measured frequency is filtered
and used as the frequency set-point. The filter’s time constant determines the duration of grid
frequency deviations the MSESS responds to. A dead-band is applied to the difference to prevent the
MSESS from responding to deviations below a given absolute amplitude. A gain is used to convert the
resulting frequency error into a power set-point for the MSESS.

Figure 12: Frequency support control diagram.

Figure 13 shows the control diagram for inertia support. The measured frequency is filtered and the
derivative taken, giving the RoCoF over time. A dead-band is applied to the result to prevent the MSESS
from responding to ramp rates below a given amplitude. A gain is applied to the output of the deadband to convert the RoCoF to a power set-point for the MSESS.

4

At the current size of Fire Island wind farm, no measurable impact on grid frequency resulting from wind farm
output deviations was measured.
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Figure 13: Inertia support control diagram.

Figure 14 shows an example of the MSESS operation in the “Frequency and Inertia Support” control
mode. The top plot shows system frequency (blue) and the smoothed frequency used as the frequency
reference for the flywheel and battery (red and yellow). The middle plot shows the RoCoF, the input to
the inertia response. The bottom plot shows the simulated flywheel and battery response (blue and red)
based on their control parameters and the measured flywheel and battery response (yellow and purple).
This plot demonstrates the flywheel and battery operating as expected based on their control
parameters.

19

Figure 14: Example of the MSESS operation while in “frequency and inertia support” control mode. The top plots show system
frequency (blue) and the smoothed frequency used as the flywheel and battery frequency references (red and yellow). The
middle plot shows the rate of change in system frequency, the input to the inertia response. The bottom plot shows the
simulated flywheel and battery response (blue and red) based on the control parameters and the measured flywheel and battery
response (yellow and purple).
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Test Descriptions
As Figure 14 demonstrates, the MSESS operates as specified by its control parameters in “Frequency and
Inertia Support” control mode. However, deducing the impact of the MSESS on grid frequency is less
straight forward. Grid frequency is impacted by every source of generation and load on the system. As a
result, it is difficult to separate out the impact of the MSESS. To accomplish this, a test procedure was
used that was developed by the Hawaii National Energy Institute (HNEI)[3]. HNEI developed this
procedure to test the ability of a battery energy storage system (BESS) to regulate grid frequency in
response to wind and solar generation on the HELCO electrical grid on the island of Hawaii. To their
knowledge, this was the first systematic investigation into the impact of a BESS on the frequency of a
live grid.
The tests presented here were not designed to investigate the beneficial effect of the very fast response
of this flywheel and battery combination. The MSESS itself injects or absorbs active power to respond to
frequency deviations in less than 200 milliseconds. Its controls have been tuned based on the system
inertia and frequency dynamics such that the MSESS units will reach full output in approximately two
seconds for a typical contingency event. Because the MSESS can respond rapidly to a grid disturbance,
for example the loss of a generator, the benefits are magnified since the MSESS acts a bridge between
the event and the time when turbine governors can respond. Further testing could be performed to
quantify the benefits of this system characteristic.
The tests ran consecutive 20-minute intervals with “Frequency and Inertia Support” alternately enabled
and disabled. 20-minute intervals represent a good balance between being long enough to provide
enough data points to calculate frequency deviation and being short enough so that other impacts on
grid frequency remained relatively constant. Frequency deviation in adjacent intervals were compared
with each other in order to reduce the influence of other impacts on grid frequency. Frequency
deviation in each interval was calculated as the average of a moving standard deviation with a 1-minute
window.

Contextualizing the Chugach Grid against the Hawaii Grid
Table 6 compares the size and frequency response (β)5 of the Alaska Railbelt and island of Hawaii
electrical grids. The HELCO electrical grid on Hawaii has an electrical load around ¼ of the Railbelt
electrical grid. Correspondingly, the Hawaii electrical grid has a frequency response of around 2 MW/ 0.1
Hz, lower than the Railbelt frequency response of 7 MW/ 0.1 Hz. Both HELCO and CEA measure their
frequency response as the loss in system generation (MW) divided by the drop in frequency to its
minimum value, as measured from point A to point C in Figure 15. System inertia and governor response
determine the frequency response, with a higher frequency response indicating higher inertia and/or
faster governor response. The frequency response indicates the impact of variable power sources (such
as wind power) and contingency events on system frequency. Conversely, it also indicates the power
levels required from the MSESS to reduce frequency deviations. When in “Frequency and Inertia
Support” control mode, the MSESS increases the frequency response by responding to frequency,
similar to governors, and responding to the change in frequency, similar to the inertia of rotating
sources of generation.

5

The frequency bias (B) is based on the frequency response (β) and used to calculate the Area Control Error (ACE),
described in the “Area Control Error Regulation Mode” section.
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Due to the larger frequency response of the Railbelt grid, the CEA MSESS must have a higher power
output than the HELCO BESS in order to have the same impact on grid frequency. The CEA MSESS has a
combined power capacity three times greater than the capacity of the HELCO BESS, which is 14% less
than the ratio of the CEA frequency response to the HELCO frequency response. Thus, a proportionally
powered operation of the CEA MSESS compared to the HELCO BESS could be expected to have a similar
impact on grid frequency.
Table 6: Comparison of the Railbelt and island of Hawaii electrical grids.

Metric
Peak load (MW)
Average load (MW)
Frequency Response (MW/0.1Hz)
Battery power (MW)
Flywheel power (MW)

CEA/Alaska Railbelt
800 [4]
600 [4]
7
2
1

HELCO/Island of Hawaii
190 [5]
135 [5]
2
1
0

Ratio
4.2
4.4
3.5
3
(combined)

Figure 15: Frequency response to a contingency event. Copied from [6].

Test Summary
Three tests were run with different control parameters, as outlined in Table 7. The first test used the
default parameters. The second test used the maximum recommended gains and minimum
recommended dead-bands from ABB. After consultation with ABB, the third test used higher gains and
lower dead-bands than the initial recommendation.
Higher gains and lower dead-bands resulted in a higher power response from the MSESS to changes in
grid frequency. Thus, the tests are ordered from lowest to highest power response of the MSESS. The
same inertia support parameters were used in each test. For comparison, HNEI and HECLO ran their
tests with gains between 20 and 30 MW/Hz and dead-bands between 0 and 20 mHz. Thus, despite
having a lower power capacity, the HELCO BESS had a higher power response to grid frequency
deviations than the CEA MSESS. This, combined with the higher frequency response of the Railbelt
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electrical grid, indicates that the CEA MSESS should have less impact on grid frequency than the HELCO
BESS.

Table 7: Control parameter values for frequency and inertia support tests.

0.075

300

4000

0.03

30

0.1

500

250

2

10,000

0.02

300

5000

0.02

30

0.1

500

250

3

15,000

0.02

300

5000

0

30

0.1

500

250

Flywheel
Inertia
Gain (kW/
(Hz/Sec))

Deadband (Hz)

6000

Battery
Inertia
Gain (kW/
(Hz/Sec))

Gain
(kW/Hz)

1

Deadband
(Hz/Sec)

Frequency
Set Filter
Time (Sec)

Frequency
Set Filter
Time (Sec)

Deadband (Hz)

Inertia

Gain
(kW/Hz)

Flywheel Parameters

Test

Battery Parameters

Test Results
As previously described, the “Frequency and Inertia Support” control mode was alternatively enabled
and disabled for 20-minute intervals during the tests. A moving standard deviation with a 1-minute
window was taken of the grid frequency. The average of this value in each 20-minute interval was used
as the metric to compare frequency variability when the “Frequency and Inertia Support” control mode
was active to when the control mode was inactive.
Figure 16 shows the measurements taken during Test 3. The red points indicate when “Frequency and
Inertia Support” control mode was active, and the blue points indicate when the control mode was
inactive. The top plot shows the system frequency. The control mode does not result in visible
reductions in the amplitude of frequency deviations.
The second plot shows the Fire Island Wind Farm power generation. The MSESS’s main goal was to
regulate the effects of the variability of wind power, including the variability’s impact on grid frequency.
When in “Frequency and Inertia Support” control mode, the MSESS responds to frequency deviations
resulting from all changes in load and generation, including the wind farm.
The third plot shows the battery and flywheel power. Positive values indicate discharging and negative
values indicate charging. The black values represent the flywheel and magenta values represent the
battery. The control mode’s inactive periods can be identified by the reduction in flywheel and battery
powers to zero.
The bottom plot shows the moving standard deviation in grid frequency with a window of 1 minute. The
average for each interval is shown by the black line. From this plot, a reduction in frequency deviation
when the control mode is active is not clearly visible.
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Figure 16: Measurements from Test 3. Red points indicate when “Frequency and Inertia Support” control mode was active, and
blue when it was inactive. The top plot shows grid frequency. The middle plot shows the Fire Island wind farm output. The third
plot shows the flywheel and battery outputs. The bottom plot show the moving standard deviation of grid frequency along with
its average value for each interval.

Figure 17 shows the average value of the grid frequency’s moving standard deviation for each interval
(same as the black line in the bottom plot of Figure 16). Adjacent values are compared to each other to
minimize external influences on system frequency. On this scale, a slight reduction in frequency
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deviation is visible when the control mode is active (red) compared to when it is inactive (blue).
However, the difference is small and it is difficult to determine significance with only 10 values.

Figure 17: The average value of grid frequency moving standard deviation for each test interval.

Tests 1 and 2 showed less consistent results, with no discernable difference in grid frequency deviation
between the active and inactive intervals. Figure 18 compares the frequency deviation between
adjacent intervals for Tests 1-3 overlaid on top of results from similar tests on the HELCO grid. The
horizontal and vertical axis are the average moving standard deviation in grid frequency for adjacent
inactive and active intervals respectively. The solid black line represents no difference between active
and inactive intervals. Points below the black line indicate that there was less grid frequency deviation
when the control mode was active, while points above the black line indicate that there was more grid
frequency deviation. The results from Test 1 and 2 are relatively evenly distributed above and below the
black line, indicating no difference between active and inactive intervals. The results from Test 3 are all
below the black line, indicating a slight reduction in grid frequency deviation when the control mode
was active.
The red points are from HELCO’s test with the highest gain (30 MW/Hz) and lowest dead-band (0 mHz)
and the blue points are from their test with the lowest gain (20 MW/Hz) and highest dead-band (20
mHz). As expected, the red points show a greater reduction in grid frequency deviation than the blue
points. The combined flywheel and battery gains and dead-bands used in Test 3 are similar to the values
used in the HELCO test, as indicated by the blue points (refer to Table 7). However, as previously
discussed, the Railbelt electrical grid’s frequency response, and thus inertia, is around 3.5 times greater
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than the HELCO electrical grid’s. Thus, the MSESS’s lower reduction in grid frequency deviation in Test 3
was expected.

Figure 18: Comparison of test results with similar test results from the HELCO grid on the island of Hawaii. Test 1-3 results are
overlaid over two test results from HELCO. [3]

Summary
The objectives of the first two control modes discussed (“Wind Power Ramp Rate Regulation” and “Area
Control Error Regulation”) were to alter the power flow on the grid. The “Wind Power Ramp Rate
Regulation” control mode supplemented the power output of the Fire Island wind farm and the “Area
Control Error Regulation” control mode supplemented the power flow in and out of CEA’s control area
on the Railbelt grid. The success of both control modes could be determined by directly measuring the
output of the MSESS.
The “Frequency and Inertia Support” control mode was different. Its objective was to reduce the
deviations in grid frequency. The MSESS’s power output followed its control parameters as expected,
but this did not indicate its impact on grid frequency. In order to accomplish this, the testing procedure
developed by HNEI and previously run on the HELCO grid on the island of Hawaii was adopted to run
three tests.
The HELCO grid is smaller than the Railbelt grid, with a frequency response that is 3.5 times lower. Thus,
to achieve a similar improvement in system frequency, the power response of the CEA MSESS would
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have to be around 3.5 times greater. This would have required higher control gains than those
implemented in these tests. The final test, with the MSESS’s highest power response to changes in grid
frequency, did result in a slight reduction in grid frequency deviations, in line with expectations given
the control parameters.
Based on these results, further reductions in grid frequency deviations may be achieved by increasing
the gains in the “Frequency and Inertia Support” control mode. If the grid frequency responds
proportionally to the HELCO grid, then increasing the combined gains (split between the flywheel and
battery) to 70 MW/Hz with a dead-band of 20 mHz would reduce grid frequency deviations to levels
similar to the blue points in Figure 18. Increasing the combined gains to 105 MW/Hz with a dead-band of
0 mHz would reduce grid frequency deviations similar to the red points in Figure 18.
The HNEI and HELCO study showed that their BESS provided a greater reduction in frequency deviations
during periods with high frequency variability than during periods with low variability [3]. The same
should hold true for the CEA MSESS. This has several implications:
1. At its current size, Fire Island has no measurable impact on grid frequency, barring contingency
events. Adding more variable generation to the Railbelt grid could result in greater frequency
variability due to changes in their power output and possibly a reduction in the grid frequency
response6. This would result in the MSESS providing a greater reduction in grid frequency
deviations with the tested control parameters. However, it would also result in a greater cycling
of the MSESS, similar to increasing the gains and reducing the dead-bands with the current level
of frequency variability.
2. The MSESS’s reduction in grid frequency deviation would be much greater during contingency
events than the average reduction measured in these tests. Thus, even though there may only
be a slight reduction in the average grid frequency deviations, the MSESS still offers a valuable
service. 7
The MSESS control parameters can be selected to obtain the desired reduction in average frequency
deviations and support during contingency events. Future additions of variable generation to the grid
may increase frequency variability and reduce the grid’s primary frequency response to contingency
events. In those scenarios, the MSESS offers added value by increasing the grid frequency response and
reducing the magnitude of average frequency deviations and deviations during contingency events.
Even at its current size, with MSESS response to frequency deviations in less than 200 milliseconds and
full output in less than two seconds, it already makes the MSESS a notable component of the overall
system response.

6

A reduction to the grid’s frequency response does not necessarily occur with high penetrations of wind power,
depending on how other units are dispatched. In addition, programming wind turbines to provide inertia can
improve the grid frequency response. [7]
7
In order to demonstrate the MSESS reducing frequency deviations during contingency events, several months of
data were searched for grid frequency responses to large changes in Fire Island wind farm production. However,
no impact was seen on grid frequency due to wind farm fluctuations.
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Recharge Control Mode
The “Recharge” control mode maintains the MSESS at its target state of charge (SOC). This control mode
must run constantly to maintain the SOC, regardless of which other control mode is running.

Control Methodology
The “Recharge” control mode gradually adjusts the SOC of the flywheel and battery to their set-points in
order to not interfere with the power requirements of the other control operations. Figure 19 shows the
control logic to recharge the battery and flywheel. The battery or flywheel SOC is compared with their
SOC set-point. A gain is applied to the difference. A fixed offset is added to compensate for the selfdischarge. The resulting output is limited between a maximum charge and discharge value. The control
parameters used in the test are given in Table 8.

Figure 19: Recharge control logic. Copied from ABB’s Chugach Electric Association PowerStore
System Controls document.
Table 8: Control parameters used in the recharge control. Both 50% and 75% ideal SOC were used for the battery.
Parameter
SocIdealPctPa [%]
RchrgKpPa [kW/%]
Ploss [kW]
RchrgPsetMaxPa [kW]
RchrgPSetMinPa [kW]

Battery
50/75
20
10
250
-250

Flywheel
50
5
17
100
-100

Test Description
Multiple months of data were used to assess the performance of the “Recharge” control mode. During
the test period, the “Recharge” control mode operated in parallel with the other control modes. This
demonstrated its ability to maintain the SOC of the battery and flywheel while not interfering with the
other control modes.

Test Results
Table 9 shows the average and percentile deviations of the SOC from its set-point over the entire test
period. The battery deviated less from its SOC set-point than the flywheel. The flywheel had a smaller
energy capacity than the battery resulting in its SOC changing more rapidly in response to power output
levels. The flywheel was also used as the primary response in the “Wind Ramp Regulation” control
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mode, resulting in higher cycling of the flywheel compared to the battery. Both of these factors
contributed to the flywheel having a higher deviation from its SOC set-point than the battery.
Table 9: Mean and percentile deviation of the battery and flywheel from the set-point SOC.
Parameter
Mean abs. dev. from set-point SOC [%]
90th prctl. abs. dev. from set-point SOC [%]
99th prctl. abs. dev. from set-point SOC [%]
99.9th prctl. abs. dev. from set-point SOC [%]

Battery
0.51
0.7
6.5
25

Flywheel
8.12
25.2
25.9
27.7

Figure 20 shows the time series of the battery SOC (blue) and its set-point (red). The battery SOC tracked
its set-point while deviations can be seen as a result of its participation in other control modes. Figure 21
shows the amount of time the battery SOC spent above and below the set-point. Both of these plots
show relatively little deviation from the set-point.
Figure 22 and Figure 23 show the same for the flywheel. The flywheel SOC deviated from its set-point
much more than the battery SOC in both magnitude and frequency, as expected.
Figure 24 shows an example of the recharge of the flywheel and battery while in the “Wind Ramp
Regulation” control mode. During this event, two drops in wind power occured. The battery and
flywheel responded to limit the negative ramp rates. After they finished discharging to limit the ramp
rate, the recharge control slowly returned them to their SOC set-point. The flywheel took 1.5–2 minutes
to charge from near 0% to 48% SOC. The battery’s SOC, on the other hand, does not change perceptibly.
From visual inspection of the data, the recharge time appears to be fast enough. In the vast majority of
cases, the flywheel was back at its SOC set-point before the next event required it to discharge again.
The battery rarely budged from its SOC set-point.
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Figure 20: Time series of the battery SOC and its set-point.

Figure 21: The percent of time the battery spends operating at different deviations from the setpoint SOC.
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Figure 22: Time series of the flywheel SOC and its set-point.

Figure 23: The percent of time the flywheel spends operating at different deviations from the setpoint SOC.
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Figure 24: An example of the recharge of the flywheel while in wind power ramp regulation mode. In this event,
there are two drops in wind power. The battery and flywheel respond in order to limit the negative ramp rates.
After they have finished discharging to limit the ramp rate, the recharge control slowly returns them to their ideal
state of charge (SOC). The flywheel takes around 1.5–2 minutes to charge from near 0% to 48% (near 50%) SOC.

Summary
The “Recharge” control mode successfully brought the battery and flywheel back to their SOC setpoints. The battery rarely deviated far from its set-point, so the recharge rate had little impact on its
availability. The flywheel took around 1.5–2 minutes to recharge to near 50% SOC after being fully
discharged. From visual inspection of the data, this recharge time appears adequate. The vast majority
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of the time, the flywheel was charged back to its SOC set-point before the next event occurred that
required a power output from the flywheel.

Overall Findings and Conclusions
The MSESS has 4 different control modes: “Wind Ramp Regulation”, “Area Control Error Regulation”,
“Frequency and Inertia Support”, and “Recharge”. The ability of the MSESS to follow its control
parameters and its impact on the grid were tested for each control mode. The test descriptions and
results are presented in this report.
When in the “Wind Ramp Regulation” control mode, the MSESS compensated the output of Fire Island
wind farm to maintain its ramp rates within predefined limits. The MSESS successfully reduced the wind
farm ramp rates with a magnitude greater than the predefined limit. It was especially effective at
reducing sustained wind farm ramp rates, which more negatively affect grid frequency than short
duration ramp rates, since they represent a larger change in wind farm power.
When in the “Area Control Error (ACE) Regulation” control mode, the MSESS limited the magnitude of
ACE events. Smoothed values of ACE up to 13 MW were measured during the test period, resulting in
reductions in ACE by the MSESS of up to around 10% with the control parameters used.
When in the “Frequency and Inertia Support” control mode, the MSESS responded to changes in
frequency deviation magnitudes and rates of change in order to limit frequency deviations on the grid.
In order to quantify the impact on grid frequency, a series of tests were run where the MSESS frequency
support was alternately enabled and disabled; then frequency deviations in adjacent intervals were
compared. These results were compared with similar results from the HELCO grid on the island of
Hawaii. Comparing the respective sizes and frequency responses of the HELCO and CEA/Railbelt grids,
the test results line up with the results from the HELCO tests. A slight reduction in average frequency
deviation was shown for the control parameters tested. A greater reduction is expected for greater
deviations in frequency, either resulting from increased variable generation on the grid or from
contingency events.
When in “Recharge” control mode, the MSESS slowly adjusted the state of charge (SOC) back to its setpoint, so as to avoid interfering with the other control modes operating in parallel. The parameters used
in the control mode returned the MSESS to its target SOC in time to respond to the next event, and did
so without interfering with the other control modes. Thus, the “Recharge” control mode successfully
fulfilled its role.
The flywheel responded most of the time, and the battery only had to respond occasionally. On average,
the flywheel cycled the equivalent of 140 full charge and discharge cycles daily, and the battery cycled
the equivalent of 0.3 full cycles. While the flywheel cycled regularly, the cycles were short and the
average absolute flywheel deviation from its SOC set-point was 8% (see Table 9). The cycles on the
battery tended to be shallow, and the average absolute deviation from its SOC set-point was only 0.5%.
Increasing the installed wind farm capacity would result in the battery needing to respond more often
because of the limited energy capacity of the flywheel. In terms of energy capacity and cycle life, it
should be capable of heavier cycling. Another study would be required to calculate the expected cycling
due to increased wind farm capacity and to determine whether additional energy capacity would be
required.
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In terms of power capacity, the flywheel has a rated power capacity of 1 MW. On average it operated at
an absolute value of 54 kW, and 99.9% of the time below an absolute value of 653 kW. The battery has a
rated power capacity of 2 MW for 5 minutes and 1.25 MW continuous. On average, it operated at an
absolute value of 16 kW and spent 99.9% of the time operating under an absolute value of 461 KW. See
Table 10 for a summary of power levels observed at the flywheel and battery during testing. Most of the
time, the battery and flywheel operated well within their power capability.
With all control modes enabled, the MSESS generally operated well within its power capacity. There
were regular events during which the battery or flywheel were required to charge or discharge at or
near full power capacity. An event refers to a charge or discharge cycle. There were on average 1.7
events per day during which the flywheel operated over an absolute value of 900 kW. Power
requirements greater than the power capacity of the flywheel always required the battery to respond.
Around every 4 days, the battery operated above an absolute value of 1500 kW, and above 1900 kW
around every 17 days, near the maximum power capacity. Increasing the installed wind power capacity
would increase the power requirements on the MSESS. With the same sized MSESS, the battery would
be required to respond more often as a result of the limited power capacity of the flywheel, in addition
to the flywheel’s limited energy capacity. There would be more frequent events during which the
battery would not be able to supply the power required because of its limited power capacity. Another
study would be required to calculate increased loading on the flywheel and battery, and the frequency
of events during which the MSESS would not be able to supply the required power with increased wind
farm capacity. These results would determine whether additional MSESS power capacity is required.
Table 10: Distribution and frequency of battery and flywheel power levels.
Parameter
Mean abs. power [kW]
90th prctl. abs. power [kW]
99th prctl. abs. power [kW]
99.9th prctl. abs. power [kW]
Abs. power > 500 kW [events/day]
Abs. power > 900 kW [events/day]
Abs. power > 1500 kW [events/day]
Abs. power > 1900 kW [events/day]

Battery
16
23
129
461
5.6
1.8
0.24
0.06
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Flywheel
54
131
386
653
26
1.7
0
0
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