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Abstract 

 

Operation and Control Methodologies  

for Battery Energy Storage Systems to Increase Penetration Levels  

of Renewable Generation on Remote Microgrids 

 

Matthew Clayton Such, M.S.E 

The University of Texas at Austin, 2013 

 

Supervisor:  Glenn Y. Masada 

 

A critical requirement of any remote microgrid is its capability to control the 

balance between electric generation and load within the confines of the microgrid itself.  

The integration of significant amounts of “as available” renewable generation to any 

electric grid (macro or micro) makes it more difficult to maintain this balance and can 

result in large frequency deviations on a microgrid. Ancillary services provide the 

resources required to maintain the instantaneous and ongoing balance between generation 

and load.  Battery energy storage systems (BESS) can provide regulating reserves, a type 

of ancillary service, by modulating active power for frequency control, referred to as load 

frequency control (LFC), to reduce frequency deviations caused by sudden changes in 

renewable generation.  Historically, the most common methodology for reducing 

frequency disturbances exacerbated by wind plants with BESS systems is ramp rate 

control and more recently lead compensation.  This thesis proposed a modified lead 

compensator for use in microgrid applications. 



 vii 

A PSS®E microgrid model, based upon existing validated models, was developed 

to test the effectiveness of the LFC controllers used to dispatch the BESS as a regulating 

resource to allow increased wind energy penetration levels on remote microgrids. A 

model of the remote microgrid of the island of Maui, Hawaii was chosen as the basis for 

the designs.  

Daily wind power data from 2012 was classified and indexed on an hourly basis 

by severity of variation.  The worst hour for power variation from the wind plants was 

identified from this indexing and used as the basis for simulating the LFC controllers.  

The results compared the effectiveness of droop, ramp rate, lead compensation, and 

modified lead compensation controllers in reducing the variability in the grid frequency 

caused by changes in wind power generation. An RMS of variation with respect to an 

average over different time windows was used as the comparison metric. The combined  

modified lead compensator with ramp rate control showed the best performance of the 

overall system behavior. 
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CHAPTER 1 

 INTRODUCTION 

A microgrid is an integrated energy system with electricity generation resources, 

energy storage, and loads that normally operates with a single point of common coupling 

(PCC) to a traditional centralized grid (macrogrid) [1].  When the PCC is closed the 

microgrid is operating in grid-tied mode.  When the PCC is open or disconnected, the 

microgrid functions autonomously of the traditional centralized grid; this configuration is 

referred to as operating in island mode [1].  

The four main classifications of microgrids that can operate in grid-tie or island 

mode are campus/institutional, military bases, community/utility, and 

commercial/industrial [2]. A remote microgrid is special case in that it always operates in 

the island mode, as there is no interconnecting macrogrid1.  The remote microgrid market 

includes systems that provide localized power to villages, islands, industrial mines and 

forward operating bases (FOBs).  FOBs are sometimes referred to as “mobile microgrids” 

and are used in Afghanistan, Iraq, and other temporary or remote bases throughout the 

world [3].  An island grid is simply a remote microgrid on a geographical island; there 

are thousands of small (less than 250 MW of load) island grids throughout the world, 

with the vast majority using diesel generation [3] as their main power source.   

Figure 1 depicts the megawatt capacity by microgrid market segment in the world 

markets in the fourth quarter of 2012. Of the 3180MW total generation, the microgrid 

segments are institutional/campus (29%), remote (22%), community (21%), military 

(18%), and commercial (10%). 

 

                                                 
1 Throughout this document the term remote microgrid will be used exclusively; all concepts apply to 

geographical island grids as well.   
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Figure 1: Microgrid Capacity by Market Segment, World Markets: 4Q 2012. ©2013 

Navigant Consulting, Inc. 

  Pike Research forecasts that the global remote microgrid market will expand 

from 691 megawatts (MW) of generation capacity in 2012 to over 1.1 gigawatts (GW) by 

2017, an amount that equals or perhaps surpasses the combination of all other microgrid 

segments that are in the current planning stages or have already been deployed.  This 

huge expansion of remote microgrids presents unique and challenging opportunities for 

renewable resources and the energy storage technologies to harness, control, and 

integrate into the electrical grid. 

In the United States the Hawaiian Islands are prime examples of remote 

microgrids or island grids.  The Hawaiian Electric Industries (HEI) utilities—Hawaiian 

Electric Company (HECO), Maui Electric Company (MECO) and Hawaiian Electric 

Light Company (HELCO)—are vertically integrated utilities that own and operate the 

electric grids on the islands of Oahu, Maui, Molokai, Lanai, and Hawaii. No transmission 
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lines tie one island grid to another. Each island grid operates independently and self-

reliantly [4]. 

 A critical requirement of any microgrid, remote microgrid, or island grid, is its 

capability to control the balance of electric generation and load within the confines of the 

microgrid itself.  This control is essential to ensure a stable supply of energy to the power 

consumers served by the microgrid regardless of whether the microgrid is connected to a 

macrogrid or is in island mode operating independently [5].  Since remote microgrids 

never connect to a larger grid and, therefore, operate in an island mode on a continual 

basis, energy storage is a key element to help balance generation with load. 

 

 Renewable Resources on Remote Microgrids 1.1

In Hawaii, HELCO, MECO, and HECO are aggressively adding large amounts of 

as-available renewable energy sources, such as wind and solar, to their systems [6].  Due 

to the high price of diesel fuel and power from thermal generation on these remote 

microgrids, renewable resources, specifically wind energy, are often times a lower cost 

alternative to thermal generation even without subsidies; with subsidies wind generation 

is even more attractive than the available thermal generation [7].  HECO’s monthly 

avoided energy costs (filed with the Public Utilities Commission) over the past few years 

have ranged between $115 per MWh (May 2009) and $235 per MWh (November 2008) 

[7].   When a wind plant delivers electricity to a utility, it reduces the equivalent amount 

of electricity generated at its most expensive operating plant. The avoided costs include 

the fuel cost and the corresponding portion of the plant’s operation and maintenance 

costs. Together these costs comprise the “energy” component of the utility’s avoided cost 
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[8]. Wind energy in the state of Hawaii can be delivered with a levelized cost of energy 

(LCOE) of around $200 per MWh [7]. 

Furthermore, it is difficult and expensive to transport diesel fuel to remote 

microgrids.  Hawaii spends billions of dollars annually on energy, roughly 10% of the 

total economic activity in the state, much of it sent out of the state to buy oil which 

arrives weekly in massive oil tankers traversing some of the world's longest sea routes. 

Many natural and human disasters, such as hurricanes, could disrupt that supply, leaving 

Hawaii in an energy crisis within a month or less [9].   

Hawaii has increased its penetration levels of renewable generation capacity in 

response to renewable penetration requirements established under Renewables Portfolio 

Standards (RPS) [10].  RPSs are now the law for 30 states, as well as in various countries 

in Europe, Asia, and South America.  These standards require the increased deployment 

of renewable energy sources such as wind, solar, small hydro, and geothermal energy for 

electricity generation.  Current aggressive RPS requirements in some states and countries 

require upwards of 33% of electricity to be sourced from renewables within the next 20 

years, amounting to hundreds of gigawatts of planned generation worldwide.  Table 1 

shows a sample of RPS targets currently in China, the EU, and California and Hawaii.   

 

State/Country Renewables Target Year of Goal 

Hawai’i 40% 2030 

California 33% 2020 

European Union 33% 2020 

China 500 GW 2020 

Table 1: Aggressive RPS targets for several countries and states. 
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 Much of the new renewable energy slated to come on-line is from wind, a 

relatively mature technology benefitting from decades of research, development, and 

commercial installation experience.  Wind is an inexhaustible resource on some remote 

grids, capable of generating electricity with no fuel cost or associated air pollution.  The 

total installed wind capacity is on track to surpass 300GW worldwide in 2013. For 

comparison, a very large coal or nuclear power facility is typically on the order of 1GW.  

 

 Challenges of Renewable Energy on Remote Microgrids 1.2

Increasing the penetration of renewable power generation supports such varied 

objectives as promoting energy independence, reducing the remote microgrids’ reliance 

on fossil fuels, and reducing smokestack pollutants and greenhouse gas emissions [11].  

However, unlike thermal power plants (e.g., coal fired or natural gas fired plants), 

generally, the amount of renewable energy available at any given time cannot be 

controlled or reliably predicted. Further, due to the inherent variability of these renewable 

energy sources, (e.g., wind gusts and/or directional changes, weather conditions, etc.), the 

instantaneous power output of an associated power generator (e.g., a wind turbine) may 

vary significantly from one second to the next [12]. This inability to be dispatched and 

controlled is referred to as “as available”. 

The integration of significant amounts of “as available” (known as non-

dispatchable) generation to any electric grid (macro or micro) poses a unique set of 

challenges to utilities and system operators.  Grid-connected renewable sources 

dramatically change the load profile seen by the traditional generating assets. Widespread 

adoption of renewable generation poses significant challenges to grid operators both in 

transient and steady state operation bringing issues of frequency swings, sudden weather-
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induced changes in generation, and legacy protective devices designed with one-way 

power flow in mind [13].  A real-world example of a grid operator trying to handle this 

imbalance occurred on February 26, 2008 when the Electric Reliability Council of Texas 

(ERCOT) called for an Emergency Electric Curtailment Plan (EECP) at 18:41 due to a 

worsening imbalance between generation and load, caused in part by a precipitous 

decline in wind generation, which led to a decline in system frequency [14]. 

A weather event such as a thunderstorm has the potential to reduce solar 

generation from maximum output to negligible levels in a very short time as shown in 

Figure 2, and can cause wind generation output to swing wildly as shown in Figure 3.  

 

 
Figure 2: Solar power measured at a site in Hawai’i on a spring day [13]. © 2012 

IEEE 
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Figure 3: Wind generation, 30MW wind farm, 1-second resolution [15]. © 2011 

IEEE 

This variability of “as available” or non-dispatchable nature makes it challenging to 

balance generation and load, especially on remote microgrids since there is no 

interconnection to the macrogrid for energy to be imported or exported. The entire grid is 

a single control area or balancing area, in which the generation must match the load.  The 

power grids in the US and Canada are designed to operate at 60 Hz; frequency increases 

if generation exceeds load and decreases if load exceeds generation. Although the active 

power (real) and reactive power (imaginary) have combined effects on the frequency and 

voltage, the control problem of the frequency and voltage can be decoupled.  

 REAL/REACTIVE POWER 1.2.1

Instantaneous power, p(t), is the product of the time functions of the voltage, v(t), 

and current, i(t), as shown in equation (1).  Active (Real) or average power is the average 

value of periodic instantaneous power, p(t), as shown in equation (2), and has the units of 

Watts.  For the sinusoidal case the real power is the product of the root mean squared 

voltage, Vrms, the root mean squared current (RMS), Irms, and the cosine of the angle (in 

degrees) between voltage and current, φ, as shown in equation (3). 



 8 

 

(1) )()()( titvtp   

(2) 



Tt

t
avg

o

o

dttp
T

P )(
1

 

(3) )cos(rmsrmsavg IVP   

Reactive power, Q, defined only for the sinusoidal case, is the imaginary part of the 

complex power, S, projected on the imaginary axis of the complex power, S, and has the 

units of volt-amperes reactive (VAR or VAr). Reactive power is the product of the RMS 

voltage, Vrms, the RMS current, Irms, and the sine of the angle of difference (in degrees) 

between voltage and current, φ, as shown in equation (4). Reactive power is positive in an 

inductive circuit and negative in a capacitive circuit.  

 

(4) )sin(rmsrmsIVQ   

Apparent power, |S|, is the product of the RMS values of the voltage and the 

current, as shown in equation (5). The unit of apparent power is volt-amperes (VA).  

Apparent power, |S|, is the magnitude of the complex power, S.  Complex power is the 

vector sum of the active and reactive power, given by equation (6) and illustrated in 

Figure 4. 
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 (5) rmsrmsIVS   

 (6) jQPS   

 In Figure 4, P is the real power, Q is the reactive power (in this case positive or 

inductive), S is the complex power and the length of S is the apparent power. 

 

 
Figure 4: Power triangle—Active (P)/Reactive (R)/Complex Power (S). [16] 

 FREQUENCY AND VOLTAGE REGULATION 1.2.2

The frequency is highly dependent on the active power, P, while the voltage is 

highly dependent on the reactive power, Q.  Thus the control issue in power systems can 

be decoupled into two independent problems: modulating active power for frequency 

control, referred to as load frequency control (LFC), and modulating reactive power for 

voltage control [54].  

An example of the need to modulate active power can be seen on the Maui grid.  

Figure 5 shows the frequency response of the Maui grid system to a severe sudden drop 

in wind. Wind power from a wind plant went from 15 to 0 MW in about six minutes, 

resulting in a decrease in frequency from 60 to 59.55 Hz. Small (less than 300 MW) 

island grids generally have what is called a small frequency bias which means a single, 

as-available generation facility can impact the system frequency. 
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Figure 5: Wind Power Variability (blue) and Frequency (red) on Maui Generation 

System [6]. 

The island grid operated by HELCO has experienced similar frequency 

excursions resulting from fluctuations of wind plants. The output fluctuations can 

adversely affect the grid in the form of frequency deviations and voltage sags if steps are 

not taken to quickly counteract the change in generation [13]. The frequency deviations 

and the rate of change of the frequency deviations can cause thermal generators to lose 

synchronism and disconnect from the grid, and can cause wind converters to disconnect 

as well; this loss of generation can further exacerbate the problem. Figure 6 shows the 

frequency deviations in response to the wind variation shown in Figure 7.  In Figure 7 the 

Apollo wind plant power output is the red plot and Hawaii wind plant power output is the 

blue plot.  
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Figure 6: System Frequency on HELCO grid response to wind power variations [6]. 

 
Figure 7: Wind plant generation variations from two plants on HELCO grid. 

To meet the 40% RPS chosen by the people of Hawaii, the Hawaiian Electric 

Company (HECO) has instated requirements in their power purchase agreements (PPA) 

with renewable energy developers that effectively necessitate LFC at most large 

renewable generation sites.  In many executed PPAs in place at the time of publication, 

ramp rate control is a contractual requirement for renewable power production on 

microgrids.  Presently, there are many energy storage systems (ESS) providing these LFC 

services. 

The objectives of LFC using an energy storage system on a remote microgrid are 

to minimize the transient deviations in frequency and to ensure zero steady state error. 
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When dealing with the LFC problem, unexpected external disturbances such as wind 

power fluctuations pose big challenges for controller design [17] in remote microgrids.  

With proper LFC control schemes and operating methodologies, fast acting grid-scale 

energy storage systems can mitigate the challenges while improving system reliability 

and improving the economics of the renewable resource, thus providing a solution to the 

integration of distributed renewable energy sources into remote or island microgrids [13]. 
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 Remote Microgrid Operations 1.3

 REGULATION AND ANCILLARY SERVICES 1.3.1

Ancillary services are services performed by electrical generation, transmission, 

system control, and distribution system equipment and people to support generating 

capacity, energy supply, and power delivery. The Federal Energy Regulatory 

Commission (FERC) defines ancillary services as “those services necessary to support 

the transmission of electric power from seller to purchaser given the obligations of 

control areas and transmitting utilities within those control areas to maintain reliable 

operations of the interconnected transmission system.” In short, ancillary services provide 

the resources required to maintain the instantaneous and ongoing balance between 

generation and load [18].  When the balance between generation and load is disturbed the 

frequency on the grid changes: if there is more generation than load the frequency goes 

up, if there is more load than generation frequency goes down.  Thus if you can drive the 

frequency deviation to zero you have balanced the generation and load, and are providing 

a specific type of ancillary service called regulating reserves (also known as frequency-

response reserve). 

In an electric power system, automatic generation control (AGC) is an optimization 

system to adjust the power output of multiple generators at different power plants in 

response to changes in the load. Since a power grid requires that generation and load 

closely balance moment by moment, frequent adjustments to the output of generators are 

necessary [19].  Ancillary services are dispatched either by a grid wide AGC system, 

LFC local to the generating unit, or manually by the system operator. 

Reserve power is comprised of regulating reserves (also known as frequency-

response reserve), Operating Reserves, and Replacement Reserves (also known as 

contingency reserve) as shown in Figure 8.  Regulating reserves or the Regulation service 
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is dispatched automatically via LFC or automatic generation control (AGC) and thus not 

at the discretion of the system operator. They are not considered part of the Operating 

Reserves. However, it should be noted that some system operators consider regulating 

reserves as part of the Operating Reserves, or as a particular type of Operating Reserves, 

even though they are not manually dispatchable.  Throughout this thesis total reserves 

will be as given in (7) and shown graphically in Figure 8.  It should also be noted that 

regulating reserves are online (spinning and synchronized) but they are not considered 

Spinning Reserves, as defined below.  

 

Total Reserve Power

Regulating 
Reserves

Operating 
Reserves

Replacement 
Reserves

UP-REG DOWN-REG
Spinning 
Reserves

Nonspinning 
Reserves

 
Figure 8: Types of reserve power used for ancillary services. 

 

(7)                                                       
                              

Regulating reserves can be on-line generation, energy storage, or load  that is 

equipped with a LFC or is on AGC and that can change output quickly, on the order of 

seconds (typically less than 10 seconds), to track the moment-to-moment fluctuations in 

loads and to correct for the fluctuations in renewable generation. The Regulation service 
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provided by these regulating reserves helps to maintain interconnection frequency and 

manage reliability [20].   

Operating Reserves are made up of the spinning reserve and non-spinning or 

supplemental reserve as shown in Figure 8. They are the generating capacity available to 

the system operator within a short interval of time to meet demand in case a generator 

goes down or there is another disruption to the supply [21]. Spinning Reserves is the 

generation capacity that is on-line but unloaded (not generating power) and that can 

respond within 10 minutes to compensate for generation or transmission outages. Remote 

microgrids do not operate with spinning reserve; they cannot afford to have generation 

that is online but unloaded [22]. Non-spinning Reserves, also known as supplemental 

reserve, is the extra generating capacity that is not currently connected to the system but 

can be brought online after a short delay. In microgrids, this typically is power available 

from fast-start generators. However, in interconnected power systems (macrogrid), this 

may include the power available on short notice by importing power from other systems 

or retracting power that is currently being exported to other systems [22]. 

Replacement Reserves, also known as contingency reserve, is reserve power 

provided by generators that require a longer start-up time (typically thirty to sixty 

minutes). It is used to relieve the generators providing the spinning or non-spinning 

reserve and thus restore the operating reserve [21]. 

Most power systems are designed so that, under normal conditions, the Operating 

Reserve is always at least the capacity of the largest generator plus a fraction of the peak 

load. Figure 9 shows an idealized representation of the three types of reserve power and 

the time intervals after an unexpected loss of generation that they are in use. 
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Figure 9: An idealized representation of the three types of reserve power and the 

time intervals after an unexpected loss of generation that they are in use [21]. 

Typically remote microgrid and small island grids, such as those of the islands of 

Maui and Hawaii (both less than 300 MW peak), do not carry spinning reserves.  In the 

event of unexpected loss of generation, they use load shedding. [23].  The only operating 

reserves that remote microgrids typically carry are non-spinning reserves, in the form of 

fast start diesel engines.  They carry regulating reserves, in the form of online generation 

or energy storage, to manage fluctuations due to the as-available nature of the renewable 

energy resources and variance in loads.  The general operating philosophy on larger 

interconnected networks (macrogrids) is to operate with a spinning reserve sufficient to 

cover the loss of the largest single generating unit, which is not the case on a remote 

microgrid. Based on the above definitions, the first principal rule of renewable integration 

into remote microgrids is given in equation (8). 

 

(8)                                                                 
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The regulating reserves requirement can be divided into two components: 

1. UP-REG2 is the regulating power available in the upward direction.  It is the 

difference between the maximum sustained limit (maximum operating point) of 

the spinning thermal units on AGC and the present operating load of the thermal 

units. 

2. DOWN-REG3 is the regulating power available in the downward direction.  It is 

the difference between the present operating load of the thermal units on AGC 

and the minimum sustained limit (minimum operating point) of the spinning 

thermal units on AGC. 

When a thermal generating unit is used to provide regulating reserve it will be 

operating at less than optimum levels (in terms of efficiency) in order to provide UP-

REG.  In an example comparison shown in Figure 10, a thermal unit with a minimum 

operating point of 10.0 MW, is operating at 15.0 MW and is providing 5.0 MW of UP-

REG and 5.0 MW of DOWN-REG.  The 15.0 MW provided by the unit is based on its 

minimum operating point and is displacing wind power that could be delivered. When a 

battery energy storage system (BESS) is used to provide the same 5.0 MW of UP-REG 

and 5.0 MW of DOWN-REG, more wind can be accepted by the grid [6], [24].  Using the 

ESS to provide UP-REG decreases the amount of generation from the thermal units, 

which are not operated at their most efficient points (at maximum load) [23]. 

 

                                                 
2 This regulation service is sometimes referred to as RegUp or Up-reserve, in this document the term UP-

REG will be used throughout, although the terms can be used interchangeably. 
3 This regulation service is sometimes referred to as RegDn or Down-reserve, in this document the term 

DOWN-REG will be used throughout, although the terms can be used interchangeably. 
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Figure 10:  Regulation Comparison. 

 MAUI GRID AND RESERVES 1.3.2

The Maui grid is a good example of a remote microgrid. Due to its small size, 

remote location, and cost of fuel, the Maui grid operates without any Spinning Reserves.  

The only type of Operating Reserves used on the Maui grid is Non-Spinning Reserves, in 

the form of fast start diesel engine generators.  It is noted that the system is therefore not 

operated with a “spinning reserve” sufficient to cover the loss of the largest single 

generating unit. Instead, MECO relies on a combination of fast start diesel engines and 

under-frequency load shedding (UFLS) to stabilize the system following the loss of the 

largest unit [25]. 

The Maui grid operates with regulating reserves as the primary means of 

regulating frequency (minimizing frequency deviation).  These thermal units that act as 

the regulating reserves to provide this regulation service cycle up and down to maintain 

the balance between generation and load (minimize frequency deviations).  As more 
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variability (disturbance) is introduced to the system in the form of wind energy, more 

regulating reserves are required. With the integration of variable wind energy into the 

system, it is common practice to carry additional UP-REG. The present operational 

strategy to calculate the required UP-REG is dependent on the amount of delivered wind 

power to the grid [23].   

Under the present operational strategy on Maui, the required amount of UP-REG 

is shown in Table 2 and Figure 11, where WIND is the amount of wind delivered to the 

grid in megawatts. Notice that the more wind power generation there is on the microgrid, 

the larger the UP-REG required from non-wind power generators. The UP-REG 

requirement is calculated every two seconds.  If an ESS is used to provide reserve, fewer 

thermal units would be required to meet the UP-REG requirement and the unit 

commitment could be reduced during some periods of moderate to high load level which 

would allow for increased wind penetration.  For example, when the ESS is carrying 5.0 

MW UP-REG, as shown in Figure 10, it is counted toward the UP-REG requirement but 

it does not have a minimum operating point so its output can be 0 MW.  When a thermal 

unit is carrying the same 5.0 MW of UP-REG, as shown in Figure 10, it is counted 

toward the UP-REG requirement but 15.0 MW (10.0 MW minimum) must be delivered 

to the grid in order for the UP-REG to be available, this 15.0 MW (10.0 MW minimum) 

displaces wind power that could be delivered to the system. 
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Wind Power Dispatched  UP-REG Required 

Less than 12 MW  6 MW 

Between 12 MW and 30 MW  WIND/2 

Between 30 MW and 65 MW  WIND – 15 MW 

Over 65 MW  50 MW 

Table 2:  Real time UP-REG requirement for ranges of wind power dispatched. 

 

 
Figure 11:  UP-REG Requirement as a function of wind power dispatched. 
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 Focus of This Thesis: A Summary 1.4

 REMOTE MICROGRIDS 1.4.1

The five classifications of microgrids are campus/institutional, military bases, 

community/utility, commercial/industrial, and remote microgrids.  This thesis focuses on 

remote microgrids.  Remote microgrids exist primarily in the developing world; they 

often have no legacy grid or a very weak existing grid.  According to Pike Research, 

geographical islands with diesel generation assets present the largest market opportunity 

for technologies such as energy storage systems on remote microgrids. 

1.4.1.1 Renewable Drivers on Remote Microgrids 

The high cost of transportation for fuel to remote microgrids, decreasing cost of 

renewable energy, and the United Nations efforts to “end energy poverty” are driving the 

increased penetration levels of renewable energy on remote microgrids [2].  In the U.S., 

increased pervasiveness in wind generation capacity is being driven, in part, by targets 

established under the auspices of the Renewables Portfolio Standard (RPS) [26]. 

1.4.1.2 Challenges of Renewables on Remote Microgrid 

The integration of significant amounts of “as available” generation to any electric 

grid (macro or micro) poses a unique set of challenges to utilities and system operators. 

Power fluctuations from these “as available” generation sources, can result in deviations 

in frequency and voltage, and even blackouts in severe cases when the wind resources are 

located on remote microgrids. Modest levels of wind generation penetration levels on 

remote microgrids can be easily managed by the grid control system and the grid operator 

[10] via the existing LFC dispatch of regulating reserves and the operator dispatch of 

non-spinning reserves.  However, as penetration levels increase, undesirable impacts on 

the remote microgrid will be felt both by the grid operator and the load, or consumers, in 
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the form of frequency deviations and possibly under-frequency load shedding should the 

frequency deviations become large enough. The use of a BESS to reduce wind generation 

output volatility was recently investigated in a study by General Electric, which found 

smaller deviations from the 60 Hz system frequency using an energy storage system than 

in the baseline case study with no wind generation present [27]. Energy storage systems 

can address these issues, by charging and discharging at sub-second timescales to buffer 

changes in the wind and the state of the transmission system. 

A remote microgrid, the island of Maui, was chosen as the basis of study for this 

thesis.  Maui has a peak load of 201 MW.  A more in depth discussion of the Maui grid is 

found in Chapter 4, Section 4.1 along with the model of the grid that was used in the 

study.  There are two existing wind plants on the microgrid as modeled: EWP1 and 

EWP2 which have nameplate capacities of 30MW and 21.0 MW, respectively.  Thus the 

existing wind penetration level is 51MW, or 25.4%, of the 201 MW grid load.  There is a 

newly proposed wind plant, NWP, with a nameplate capacity of 21 MW, which would 

bring the wind penetration level to 72MW or 35.8%.  NWP is to be geographically 

collocated with EWP1 as shown in Figure 12 however the interconnection will be on a 

separate transmission bus.   
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Figure 12:  Locations of EWP1, EWP2, and NWP on Maui. 

This thesis studies the addition of a wind plant namely NWP and the technical 

ramifications, such as increased frequency deviations, related to the increasing the wind 

penetration level with the addition of the new wind plant, and mitigating the issues with a 

battery energy storage system.  The installation of the new wind plant NWP would bring 

the total nameplate capacity of installed wind to 72 MW, or a penetration of 35.8% of the 

peak load on the grid of 201.0MW.   

1.4.1.3 Ancillary Services 

Ancillary services provide the resources required to maintain the instantaneous 

and ongoing balance between generation and load [18].  The five types of ancillary 

services are as defined by FERC are: 

1. Regulation (also known as regulating reserves or Frequency Response Reserves) 

2. Spinning Reserve  

3. Non-Spinning Reserve or Supplemental Reserve 
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4. Replacement Reserve 

5. Voltage Control  

This thesis specifically focuses on using an energy storage system to provide 

regulation, which is dispatched via three different types of control strategies.  The three 

different strategies are compared by their ability to provide regulation.  

 KEY ENABLING TECHNOLOGY FOR REMOTE MICROGRIDS 1.4.2

Energy storage systems that provide ancillary services are a key technology in 

enabling higher penetration levels of wind energy on remote microgrids [2].  Chapter 2 of 

this thesis lists the most commons types of energy storage systems being used for 

ancillary services, namely compressed air energy storage, flywheel energy storage, 

pumped hydroelectric, and electrochemical (battery) energy storage. A comparison of the 

various types is given based on how well suited each type is for providing ancillary 

services, specifically regulation.  

The technologies most well suited to meet the needs of the ancillary services 

market are lithium-ion batteries, advanced lead-acid batteries, and flywheels [18].  This 

thesis focuses on battery energy storage systems. An overview and key metrics of battery 

energy storage systems are presented in Chapter 2. 

 CONTROL STRATEGIES 1.4.3

This thesis addresses the technical issues related to the feasibility of increasing 

wind penetration level in a remote microgrid, assesses the use of a BESS that provides 

ancillary services, specifically in the form of regulation service (regulating reserves also 

known as frequency-response reserve), and proposes a load frequency control to allow 

higher levels of wind penetration while maintaining grid stability and reliability. At the 

time of publication, the most common control strategies implemented with renewables 
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and a BESS is ramp rate control and to a lesser extent droop control.  Using an energy 

storage system with a lead compensator for LFC was recently presented in Hawai'i Solar 

Integration Study, Final Technical Report for Maui [24] as an alternative to, or to be used 

in conjunction with, ramp rate control for attempting to increase renewable penetration 

levels and improve the output profile of renewable power sources. This thesis presents a 

modified lead compensator (MLC) based on the lead compensator presented in said 

report.  Three types of control strategies are presented in Chapter 5: droop control, ramp 

rate control and lead compensator control.   

 MODELING 1.4.4

In order to gauge the effectiveness of the three unique types of controllers (droop 

control, ramp rate control and a lead compensator) to dispatch the BESS as regulating 

resource to increase wind energy penetration levels on remote microgrids, a model was 

developed, based on existing validated models. The remote microgrid of Maui was 

chosen as the basis of the design for the model.  The electrical grid on the island of Maui 

is owned and operated by the Maui Electric Company (MECO).  Chapter 5 presents the 

remote microgrid model that was developed in Siemens Power System Simulation for 

Engineering (PSS®E).  The PSS®E model is used for positive sequence fundamental 

frequency phasor time-domain simulations. 

To evaluate using a BESS to provide Frequency Response Reserves (regulating 

reserves) requires careful study of the interaction of the different equipment that 

constitutes the power system. Increasing wind penetration levels above 25% stretches the 

electrical system performance to its operational limits and requires the deployment of 

special fast-acting controls.  This has made dynamic simulation more common and 

essential to utility planning and operation.  In this context, simulation tools such as 
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PSS®E, distributed by Siemens are critical to the effective investigation of system 

response to a variety of disturbances in a fast and accurate manner [28].  PSS®E can be 

used to examine steady‐state power flows, the dynamic response (transient stability) of 

the system and to conduct short circuit simulations for interrupting capacity and system 

protection studies.  In this thesis dynamic simulations of the model are of primary 

interest. 

In Chapter 4, Section 4.3 the thermal generation and transmission and distribution 

portions of the PSS®E model are described.  The thermal generation and transmission 

and distribution portions of the PSS®E model are based on information and models 

provided in: 

 Hawai'i Solar Integration Study, Final Technical Report for Maui [24] 

 Maui Electrical System Model Development: Data and Assumptions [29] 

 Maui Electrical System Simulation Model Validation [30]  

All of the aforementioned reports were developed as part of the cooperative 

agreement between Hawaiian Electric Company and the National Renewable Energy 

Laboratory, and made public by the University of Hawaii. 

The wind plant models are from the PSS®E wind package and are described in 

Chapter 4, Section 4.4.  The GE 1.5 MW and the Siemens WT4 PSS®E models were 

used and were downloaded from the Siemens Power Technologies International (PTI) 

web site.  The wind speed profile model was developed for this thesis based on methods 

described in Wind Energy Handbook [31].   

The model of the BESS is discussed in Chapter 3.  The BESS model is based on 

the Electric Power Research Institute (EPRI) battery model CBEST for PSS®E.  This 

model simulates power limitations into and out of the battery as well as AC current 

limitations at the converter, and assumes that the battery rating is large enough to cover 
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all energy demand that occurs during the simulation for all short duration cases. 

However, energy limitations of the BESS can be also considered for long-duration 

applications [32]. 

It should be noted that throughout this document positive power out of the BESS 

discharges the battery and injects power into the grid while negative power out charges 

the battery and absorbs power from the network. 

 SIMULATIONS 1.4.5

The wind power profile model was created from publicly available wind speed 

data.  The daily wind power data was then indexed on an hourly basis based on an RMS 

calculation to assess the severity of fast power variation. This categorization and indexing 

process is described in Chapter 5.  The worst hour (Hour 4261) in terms of power 

variation from the wind plants was identified from this analysis was then used for the 

PSS®E Dynamic simulations of the various LFC methods.  Five case studies were 

simulated; 

 Base Case, which is the baseline case study with no BESS. 

 Case study 1, where the BESS is used only to provide ramp rate control. 

 Case study 2, where a BESS with the modified lead compensator is simulated. 

 Case study 3, a BESS with the modified lead compensator is simulated.  However, in 

this case study, the requested power from the Ramp Rate Control function block and 

the MLC function block are summed together, so that the BESS is simultaneously 

providing both services. 

 Case study 4, a BESS is used to provide droop control. 

Two sensitivities were conducted for Case Study 1.  In the first sensitivity Case A, 

the ramp rate limit was set at 1 MW per minute, and for the second sensitivity Case B, the 
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ramp rate limit was set to 0.5 MW per minute.  Additionally, similar sensitivities were 

conducted for Case Study 3.  For the first sensitivity Case Study 3, Case 1, the ramp rate 

limit was set at 1 MW per minute, and for the second sensitivity for Case Study 3, Case 

2, the ramp rate limit was set to 0.5 MW per minute.   

 RESULTS AND FURTHER STUDIES 1.4.6

The metrics for the ability of the BESS to reduce the frequency variation are 

presented in Chapter 6.  The study concludes that a modified lead compensator is more 

effective than ramp rate control. Ramp control is more effective that droop control. 

Furthermore the use of the modified lead compensator in conjunction with ramp rate 

control is marginally better than using the modified lead compensator alone. 
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CHAPTER 2  
ANCILLARY SERVICES VIA ENERGY STORAGE SYSTEMS 

This chapter provides the key metrics used to describe an effective ESS for 

remote microgrid applications to provide ancillary services, specifically regulating 

reserves (also referred to as regulation, frequency regulation, and frequency regulating 

reserves). A review and comparison are provided of the most commons types of energy 

storage systems being used for ancillary services: compressed air energy storage, 

flywheel energy storage, pumped hydroelectric, and electrochemical (battery) energy 

storage. Special attention is given to battery energy storage systems based on their ability 

to meet the requirement for providing ancillary services. 

 

 Requirements for ESS to Provide Regulating Reserves on Remote 2.1

Microgrids 

Regulation is a service for short-term real power balancing, related to regulation of 

remote microgrids, in which an energy storage system absorbs or supplies power to 

maintain a balance between instantaneous power production and power consumption in 

the microgrid.  This service ensures stability of frequency in the microgrid.  The manner 

in which the energy is absorbed or supplied (dispatched) is via the LFC, and can be 

classified as a power centric application of the energy storage system in which the stored 

energy is discharged quickly (i.e., seconds to minutes) at high rates [33]. 

Longer term energy management, related to the load following in the microgrid, 

matches the time profile of non-dispatchable energy generators to the time profile of 

loads. For example, the ESS stores energy from a photovoltaic PV plant during the day to 

deliver to loads at night (often referred to as load following and time shifting). This can 
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be classified as an energy centric application of the storage system in which the stored 

energy is discharged relatively slowly and over a long duration (i.e., tens of minutes to 

hours) [33]. Storage used for energy centric applications must have a much larger energy 

storage capacity than storage used for power centric applications. 

Ancillary services are power centric applications that vary depending on the 

required response timeframe. As discussed in Chapter 1, there are five defined ancillary 

services: 1) regulating reserves, 2) spinning reserve, 3) supplemental reserve, 4) 

replacement reserve, and 5) voltage control. The response speed, charge and discharge 

duration, and cycle time required for the various types of ancillary services are shown in 

Table 3 [34]. 

The focus of this thesis is to study the use of an ESS to provide regulating 

reserves (a particular type of ancillary service) that is dispatched via a controller local to 

the unit (i.e. not dispatched via AGC or an operator).  The purpose of regulating reserves 

is to minimize the grid frequency deviation from the nominal set point (60 Hz in this 

thesis). When the frequency deviation is zero, the generation and load are perfectly 

balanced.  This thesis evaluates three types of control strategies used to dispatch the ESS 

as regulating reserves.  This section illustrates the types of operating characteristics the 

ESS must have in order to provide the regulation service. 
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Table 3: Response Speed, Charge and Discharge duration, Cycle Time required for 

the various types of ancillary services. 

Requirements associated with regulating reserves for remote microgrids are given 

in Table 4 and discussed below. 

 

Metric Requirement 

Ancillary Service Type regulating reserves 

Response Time of ESS < 1 second 

Discharge duration 15 minutes 

power rating 10.0 MW 

Energy Rating (usable) 2500 kWh 

Cycle Life Comparatively High 

Specific Power Comparatively High 

Specific Energy Comparatively High 

Transportable Compact and light weight 

Table 4:  Requirements for ESS to provide regulating reserves (frequency regulation) 

on a remote microgrid. 

Response Speed Duration Cycle time

Seconds Minutes Minutes

Seconds to <10 min 10 to 120 min Days

<10 min 10 to 120 min Days

<10 min 10 to 120 min Days

Seconds Seconds Continuous

 Supplemental 

Reserve 

Same as spinning reserve, but need not respond immediately, units can be offline 

but still must be capable of reaching full output within the required 10 min

 Replacement 

Reserve 

Same as supplemental reserve, but with a 30-minute response time, used to 

restore spinning and supplemental reserves to their pre-contingency status

 Voltage Control The injection or absorption of reactive power to maintain transmission system 

voltages within required ranges

Service

Power sources online, on automatic generation control, that can respond rapidly to 

system-operator requests for up and down movements, used to track the minute-

to-minute fluctuations in system load and to correct for unintended fluctuations in 

generator output to comply with Control Performance Standards (CPSs) 1 and 2  of 

the North American Reliability Council (NERC 2002)

Power sources online, synchronized to the grid, that can increase output 

immediately in response to a major generator or transmission outage and can reach 

full output within 10 min to comply with NERC's Disturbance Control Standard (DCS)

 Regulating 

Reserves (also 

known as 

frequency-

response reserve) 

Spinning Reserve

Service Description



 32 

 RESPONSE TIME  2.1.1

Large amounts of variable wind power on a remote microgrid create unanticipated 

changes to the electrical system that affect the balance between generation and load demand. 

These changes occur in the second-to-second time frame [35].  In order for an ESS to provide 

a regulating service similar to the thermal units inertia and control response in the form of 

turbine governors and generator excitation systems which are on a cycle-to-cycle (60 Hz 

cycle is 16.7 milliseconds) time frame, the  ESS system must respond in less than a second 

and more typically in milliseconds.  Kirby et al. [20] show that frequency regulation 

requires ESS response times of less than a second which can be met by a variety of 

devices including fast-responding energy storage. 

Furthermore, ramp rate requirements in the power purchase agreements are 

measured and policed at 2-second intervals, so at a minimum the control loop time must 

be less than half the sampled time. 

 DISCHARGE DURATION 2.1.2

Normal operation includes constant charge/discharge at varying rates, from very 

slow (10% of nominal) to rapid (100% of nominal) and deep cycling (80% depth of 

discharge). When providing regulating reserves, the storage device will rarely be 

“resting” [36]. 

 POWER RATING AND ENERGY RATING 2.1.3

The power and energy ratings, 10 MW and 2.5 MWh, respectively, for the ESS 

studied in this thesis are based on the ratings given in [37] and [24].    These reports 

include economic analysis that is not covered in this thesis.  Sections 2.1.3.1 and 2.1.3.2 

describe how these ratings are determined, from a technical perspective, to provide 

regulating reserves for ramp rate control and a modified lead compensator, respectively. 
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2.1.3.1 Power and Energy Rating For Ramp Rate Control 

Power rating is the maximum amount of power the BESS installation is expected 

to deliver in order to compensate for downward and upward wind variations.  This rating 

is a function of the rated capacity of the wind farm, the wind variability, and the 

interconnection ramp rate limit (allowable ramp rate).  For example, consider a wind 

farm delivering 20 MW and a complete loss of wind caused the plant output to ramp at a 

constant rate down to 0 MW in 10 minutes. The ESS must be able to ramp up to 10 MW 

at a 1 MW/min ramp rate to maintain a ramp rate limit of 1 MW/min at the utility 

interconnection. If the power rating of ESS is not sufficient and wind variability is too 

great, the ESS cannot maintain the ramp rate limit at the utility interconnection, resulting 

in a ramp rate violation. The required power rating is dependent on worst case wind 

variability at the given site.  The effectiveness of the ESS to provide ramp rate control 

also depends on sufficient battery energy charge and discharge handling capabilities.  In 

the example given above, in order for the battery to ramp from 0 MW to 10 MW over 15 

minutes would require about 1.25 MWh of stored energy.  If the battery was typically 

operating at 50% state of charge, then this would correspond to a battery size of at least 

2.5 MWh. 

2.1.3.2 Power and Energy Ratings for the Modified Lead Compensator 

The process variable for the modified lead compensator (MLC) is frequency. The 

power rating of the ESS must be sufficient to move the frequency out of the under-

frequency load shedding (UFLS) region from the lowest setpoint. The lowest (third) 

setpoint is 58.0 Hz and the highest (first) setpoint is 58.7 Hz.  UFLS is defined in more 

detail in 4.5.4.  Remote microgrid systems tend to have small system-frequency biases.  
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Frequency bias4 is defined herein as the sum of the change in load, plus the change in 

generation, divided by the change in frequency, expressed in megawatts per 0.1 Hertz 

(MW/0.1 Hz). In other words, the frequency bias is the amount of MW of generation that 

will move the grid frequency by 0.1Hz.  HELCO’s microgrid bias ranges from 1 MW to 

2 MW per 0.1 Hz [4]. As a point of reference, ERCOT’s5 frequency bias is 662 MW per 

0.1 Hz.  To prevent the system frequency from falling below the UFLS, the ESS must be 

sized such that the frequency moves back toward setpoint but not into the frequency 

deadband of the thermal generating unit’s governor.  The governor’s frequency deadband 

is an adjustable range of frequency in which there is no control action.  This frequency 

deadband is used by grid operators to reduce activity of controllers for normal grid 

frequency variations. Typical values on remote microgrids range from ± 0.05 Hz to ± 

0.10. The values used on the Maui grid can be found in [24].  With a power rating of 10.0 

MW, the ESS can move the system frequency 1.0 Hz, which meets the requirements 

given above.  Additionally the average size of a regulating thermal unit on Maui is 

approximately 10 MW, which is an indication that 10 MW is an appropriate power rating 

for providing regulation on Maui.  With an energy rating of 2.5MWh, it can continue to 

deliver power to control the frequency for up to 15 minutes, which provides sufficient 

time for the governor response from the thermal generating asset system to provide 

additional support. 

2.1.3.3 Energy Storage Medium Lifetime and Energy Ratings 

Battery Lifetime refers to the number of years the BESS batteries are expected to 

last based on battery size, wind variability and control setpoint.  As was pointed out 

                                                 
4 Sometime referred to by the North American Reliability Counsel as “frequency response” 
5 ERCOT, Electric Reliability Council of Texas is an independent system operator (ISO) manages the flow 

of electric power to 23 million Texas customers 
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earlier in this report, the BESS activity eventually wears out the batteries to the point that 

they all need to be replaced.  The rate of battery wear depends on how hard it is worked 

in order to maintain a ramp rate limit.  Hence a control which implements a 0.5 MW/min 

ramp rate will wear out a battery more quickly than a control that uses a 1.0 MW/Min 

ramp rate.  This thesis does not consider sizing needs based on the impact of battery 

lifetime.    

2.1.3.4 Operating Contingencies 

Utilities refer to future failure events as contingencies. In its broadest definition, a 

contingency is an event that may occur in the future, that needs to be dealt with, and 

therefore must be prepared for. The normal operating condition (or N-0), is the condition 

of the system when operating without contingencies.  The N-1 condition is described as 

the operation with one failure.  Grids are normally designed so that the grid can operate 

in the N-1 condition with no disruption in load, i.e. they are designed with the capability 

of operating normally if there were a single contingency. This resiliency is often referred 

to as N-1 reliability.  

Example contingencies in an ESS include but are not limited to: power 

conditioning system (PCS) failure, energy storage medium failure (pack or cell level), 

and controller hardware failure.  For ESS installations it would be prudent to consider the 

contingency of a module6 failure.  It might not be possible to replace components right 

away, so the installation may need to operate without a module for an extended period of 

time. 

A means to achieve N-1 reliability is to add additional storage modules to 

increase the overall power and energy ratings above the N-0 requirement, so that in the 

                                                 
6 A BESS module is comprise of a PCS, battery pack, and control system, all of which are described in 

detail in section 2.4 
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event of a contingency the BESS can still preform regulation to its N-0 rated abilities.  

Oversizing the BESS to achieve N-1 reliability was not considered in the simulations in 

this thesis. 

 CYCLE LIFE 2.1.4

Typical time intervals between mismatches of generation and load are measured 

in minutes and are highly cyclical, leading to thousands of charge/discharge events in the 

course of a year.  When providing regulating reserves, the storage device will rarely be 

“resting” [36].  Therefore a comparably long cycle life is desirable. 

 SPECIFIC ENERGY, SPECIFIC POWER, AND TRANSPORTABILITY 2.1.5

High specific energy and specific power ratings are desirable for an ESS to be used 

on a remote microgrid.  Meeting the energy and power rating requirement with a lower 

weight solution is ideal because lower weight translates to ease of transportability.  For 

remote microgrids transportability is important because of the cost of shipping the ESS to 

the remote microgrid. Transportability infers, comparatively speaking, an ESS with 

higher specific energy and specific power ratings.  

 Energy Storage Systems 2.2

This section and its Subsections 2.2.1 - 2.2.4 introduce the four most commonly 

employed energy storage system types for the electrical grid: compressed air energy 

storage, flywheel energy storage, pumped hydroelectric, and electrochemical (battery) 

energy storage [26].  Further a summary is provided in Subsection 2.2 that gives a 

concise comparison of the ESS technologies, focusing on their ability to meet the 

requirements described in Section 2.1.   
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 PUMPED HYDROELECTRIC (PHS) 2.2.1

Pumped hydroelectric storage (PHS) systems pump water into a high-level 

reservoir during off-peak load periods then release the water during peak loads to drive 

water turbines. PHS is the most widely implemented large-scale electrical energy storage 

technology, and is the largest storage category in terms of installed capacity as shown in 

Figure 13 [38]. While the other three storage technologies are increasingly being used, 

bulk electricity storage is primarily achieved today through pumped hydro storage [39].  

 

 

 
Figure 13: Worldwide installed storage capacity for electrical energy [39]. 

Pumped hydroelectric storage technology is well developed, reliable, and a 

comparatively inexpensive energy storage system, however, the growth of pumped 

hydroelectric energy is seriously limited by high costs (billion $), a shortage of suitable 

reservoir storage sites, environmental issues related to land clearage (not compatible with 

remote grid installations), and long lead time for permit and construction, often up to 10 
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years. [40].   All these issues limit its growth on remote microgrids and island grids under 

development or in near term development.  

Furthermore, a study conducted by Hawaii Natural Energy Institute, General 

Electric, and HELCO investigated the potential for energy storage stabilizing devices to 

maintain frequency and concluded that the slow responding storage (e.g., a 30 MW 

pumped hydro storage unit) would not be very effective in mitigating short-term output 

fluctuations of as-available generators [6]. 

 

 COMPRESSED AIR ENERGY STORAGE (CAES) 2.2.2

Compressed air energy storage (CAES) systems compress air into underground 

caverns during off-peak load periods and release the air during peak loads to drive 

expanders. CAES systems are not widespread, but are currently attracting much interest. 

Only two plants have been constructed in the world so far: Germany (290 MW) and in 

the USA (110 MW) [37]. One of the biggest projects in development is the Iowa Stored 

Energy Park, with 2700 MW of turbine power storage from excess wind energy 

generation [91].  In terms of the number of projects completed, CAES is relatively small 

compared to other storage technologies; however it is second to PHS in terms of the 

capacity (in MW).   Figure 14 shows the MW market share of the various types of energy 

storage, and that CAES provides 65% of the total capacity when PHS is excluded.   
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Figure 14:  Technology Market Share by MW capacity excluding PHS. 

Advances in this technology have led to the development of Advanced-Adiabatic 

CAES (AA-CAES), where air is adiabatically compressed and then pumped into an 

underground cavern. A key part of this system is the recuperator heat exchangers, which 

preheats the air before expansion. The effectiveness and high cost of these heat 

exchangers and the efficiencies of the compressor and expander trains are the main 

factors for the success of AA-CAES. 

CAES is not a good match for fast response, short duration applications. CAES is 

a slower response technology designed for load leveling, time shifting and bulk storage, 

which are all energy centric applications.   

 FLYWHEEL ENERGY STORAGE SYSTEM (FESS) 2.2.3

Flywheel electric energy storage systems (FESS) store kinetic energy in a rotating 

mass, typically a flywheel, and that energy can be transferred in and out of the flywheel 

with an electrical machine that can function either as a motor or generator depending on 

the load angle (phase angle). When acting as a motor, electric energy supplied to the 

stator winding is converted to torque and applied to the flywheel rotor, causing it to spin 
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faster and gain kinetic energy. In the generator mode kinetic energy stored in the rotor 

applies a torque, which is converted to electric energy [41].  

FESS systems are shorter energy duration systems that are not generally attractive 

for large-scale grid support applications.  However, there has been an effort, pioneered by 

Beacon Power Incorporated, to optimize low cost commercial flywheel designs for long 

duration operation (up to several hours) [22].  Beacon Power (now Beacon Power, LLC)7  

uses 2,500 lb. rotor / flywheel assembly that is sealed in a vacuum chamber and spins 

between 8,000 and 16,000 rpm.   

Beacon Power demonstrated megawatt-scale flywheel plants with cumulative 

capacities of 20 MW to support the frequency regulation market needs of independent 

system operators (ISO).  Currently, Beacon Power is operating the 20 MW FESS in 

Stephentown, New York shown in Figure 15 and plans to build another 20 MW FESS in 

Pennsylvania. 

 

                                                 
7 On October 30

th
, 2011, Beacon Power Incorporated filed for bankruptcy protection under Chapter 11, 

Title 11, and United States Code in the United States bankruptcy court in Delaware.  Rockland Capital, a 

private equity firm, bought the plant and most of the company's other assets, rehired most of the staff and is 

continuing to do business as Beacon Power, LLC [118]. 



 41 

 
Figure 15:  Beacon Power flywheel in an Independent System Operator ancillary 

service application [26].  © 2010 Electric Power Research Institute, Inc. All rights 

reserved 

According to Pike Research, FESS is a good choice for frequency regulation.  

FESS systems advantages include: 

 A high round trip efficiency, greater than 85% 

 Long lifetime, over 20 years and 100,000 cycles 

 Low operating cost (no fuel) 

 Zero direct carbon emissions 

 Zero storage degradation 

  However, the high capital cost per unit of energy storage (the first plant Beacon 

Power installed cost $3,450/kW) and low volume and weight energy (requiring large foot 

print) density do not make it the best choice for frequency regulation on a remote 

microgrid.  Flywheels are a strong technical solution to the challenges associated with 
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frequency regulation in remote microgrids, however are currently not an economically 

viable alternative to battery energy storage systems. 

 BATTERY ENERGY STORAGE SYSTEM (BESS) 2.2.4

Batteries are likely the most widely known type of energy storage. A battery is an 

electrochemical power source which liberates energy in a chemical reaction to be 

converted directly into electricity. Batteries can be charged during low-peak load periods 

and discharged during peak loads.  

The following sections present an overview of battery types presently being 

deployed in BESS systems.  It should be noted that nickel-metal hydride (Ni-MH), 

nickel-cadmium (NiCd), and nickel-zinc (NiZn) are not included in the discussion 

because they are generally considered unsuitable due to high cost or inherent technology 

limitations. The most popular battery chemistries currently being deployed for grid-scale 

storage are advanced lead-acid (PbA), sodium sulfur (NaS), lithium-Ion (Li-Ion), zinc 

bromine (ZBB) flow batteries, and vanadium redox flow batteries. 

2.2.4.1 Advanced Lead-Acid (PbA) 

Advanced lead-acid batteries typically have a cycle life of 200–500 cycles at 

100% DOD, with a round trip efficiency of 70–80%.  Lead acid batteries have a 

relatively poor performance at low and high ambient temperatures, and a relatively short 

life time as shown in Figure 16. Lead-acid batteries present difficulties in providing 

frequent power cycling, often at a partial state of charge, which can lead to premature 

failure due to sulfation [37]; regulating reserves (frequency regulation) requires 

thousands of cyclic operations which make lead-acid battery storage not viable.  

Furthermore, their use for energy management has been limited by their shorter cycle 

life. Despite these limitations, lead-acid batteries have been used in a few commercial 
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and large-scale energy management applications. The largest one is a 10-MW/40-MWh 

system in Chino, California, built in 1988 [22].  Figure 16 shows the Ecoult battery 

energy storage system using East Penn batteries, rated at 1MW/1MWh, at Hampton Wind 

Smoothing Project in Australia. 

 
Figure 16:  Phase 1 of Ecoult 1-MW/1-MWh UltraBattery system at Hampton Wind 

Smoothing Project [26].  © 2010 Electric Power Research Institute, Inc. All rights 

reserved 

Current major lead acid battery manufacturers are Crown Battery, Delco, East 

Penn, GNB Industrial Power, Exide, Optima Batteries, Teledyne, JCI Battery Group, 

EnerSys, Trojan, and Winston Salem. 

 

2.2.4.2 Sodium sulfur (NaS) 

Sodium sulfur batteries use inexpensive materials, have high cycle life (2,500 

cycles at 100% depth of discharge, or 4,500 cycles at 80% depth of discharge), and have  

high specific energy (150 W-h/kg ) and specific power (200 W/kg).  NaS-based BESS 

systems are designed for applications with longer duration of discharge than are required 
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for ancillary services, so only a small portion of the NAS business serves the ancillary 

services market [34].   

The main disadvantage of NaS batteries is the temperature must be kept at around 

350 ºC to keep the sulfur in liquid form, which is achieved through insulation and heating 

by either the cells own power or from an external source [42].  Challenges associated 

with 300 °C operating temperatures, including heater maintenance costs and safety 

concerns in containing the molten sodium make NaS batteries risky. 

NaS battery technology has been demonstrated at over 190 sites in Japan [42].  In 

2010, Presidio, Texas built the world's largest NaS battery, 4MW/32MWh, to provide 

power when the city's lone line to the United States power grid goes down.  On 

September 21, 2011, a NGK-manufactured NaS BESS system installed at the Tsukuba, 

Japan plant caught fire. Following the incident, NGK temporarily suspended production 

of NaS batteries [42]. An NGK customer, American Electric Power (AEP), has 11 MW 

of deployed NaS BESS systems; one of its distribution substations with a NaS BESS is 

shown in Figure 17. 

 

 
Figure 17:  AEP distribution substation with sodium sulfur BESS [26].  © 2010 

Electric Power Research Institute, Inc. All rights reserved. 
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Currently, NGK is the only supplier of sodium sulfur batteries, However GE, 

through acquisition, released a battery using a molten salt electrolyte in 2010, and 

recently Sumitomo developed a battery using a salt that is molten at 57 °C (135 °F), far 

lower than sodium based batteries. The salt battery offers energy densities as high as 290 

Wh/L and employs only nonflammable materials; it will not ignite on contact with air, 

nor is there thermal runaway. 

2.2.4.3 Zinc Bromine (ZBB) 

The zinc bromine battery has specific energy rating between 40 and 80 Wh/kg, 

and is capable of delivering power densities as high as 200 W/kg [43].  The round trip 

efficiency of this battery is reported to be in the range of 65-75% [22]. 

The battery operates at room temperature, consists of nearly all plastic parts, uses 

conventional molding and plastic joining methods for construction, and is almost totally 

recyclable which gives these battery systems the potential to provide energy storage 

solutions at a lower overall cost than other battery storage systems. 

ZBB batteries are in the early stages of field deployment and demonstration for 

utility scale energy storage applications and are less developmentally mature than 

vanadium redox systems. While field experience is currently limited, vendors claim 

estimated lifetimes of 20 years, long cycle lives (>2,000 cycles), and operational AC-AC 

round trip efficiencies of approximately 65% to 70%.   

ZBB batteries are a slower response technology designed for load leveling and 

bulk storage more so than frequency regulation.  Currently, the major ZBB flow battery 

manufacturers for energy storage systems are ZBB Energy Corporation, RedFlow 

Limited, Primus Power, and Premium Power. 
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2.2.4.4 Vanadium Redox (VRB) 

Vanadium redox battery have high life cycle numbers (>10000) and its cycle life 

is generally independent of stage of charge (SOC) and depth of discharge (DOD).  Also, 

the elimination of repeated ion insertion and de‐insertion in electrodes as occurs in solid‐

state batteries preserves the structural and mechanical integrity of cell electrodes, 

enabling a long shelf and cycle life.  The power and energy ratings of VRB are 

independent of each other [22], so the amount of energy stored can be adjusted by 

increasing the size of the electrolyte tanks.  The extremely large capacities possible from 

vanadium redox batteries make them well suited for use in large power storage 

applications [44].  The state of charge (SOC) can be easily monitored by measuring the 

potential of the electrolyte, which means the SOC can be monitored continually during 

operation; this is a great advantage over lead-acid, sodium sulfur, and lithium-ion 

batteries that require advanced SOC estimation techniques. 

One of the main disadvantages of vanadium redox flow batteries and other flow 

batteries is that they have parasitic load losses during operation due to pumping the 

electrolyte across the membrane during charging and discharging cycles, as well as 

required temperature control in the form of heating, ventilation and air conditioning [45]. 

Vanadium redox battery storage systems up to 500kW, with 10 hour discharge 

duration (5MWh) have been installed in Japan by Sumitomo Electric Industries (SEI). 

Vanadium redox battery storage systems have also been applied for power quality 

applications.  A list of some deployed vanadium redox systems is given below [26]: 

 A 15-kW/120-kWh unit operating over three years in a smart grid application by 

RISO in Denmark 

 A 250-kW/2-MWh unit at Castle Valley, Utah by PacifiCorp, which operated 6 

years before being discontinued when the application need changed 
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 A 200-kW/800-kWh unit at King Island, Tasmania by HydroTasmania 

 A 4-MW/6-MWh unit at Tomamae, Hokkaido, Japan by JPower 

 Smaller 5-kW units that have been deployed in field trials 

 

A Prudent Energy 5-kW/30-kWh VRB-ESS installed at Kitangi, Kenya is shown 

in Figure 18. 

 

  
Figure 18: Prudent Energy 5-kW/30-kWh VRB-ESS installed at Kitangi, Kenya [26].  

© 2010 Electric Power Research Institute, Inc. All rights reserved. 

Similar to other flow batteries, VRB is designed for lower power, more energy 

intensive applications such as time shifting, energy arbitrage, transmission and 

distribution (T&D) deferral, and peak shaving more so than frequency regulation or other 

ancillary service applications.  Currently, the major vanadium redox battery 

manufacturers supplying batteries for energy storage systems are Prudent Energy 

(formerly VRB Power Systems), Sumitomo Electric Industries, The Cellennium 

(Thailand) Company Limited, UniEnergy Technologies, and Dalian Rongke Power.   
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2.2.4.5 Lithium-Ion (Li-Ion) 

Lithium-ion batteries have high energy density (300 - 400 kWh/m
3
) and a long 

cycle life (3,000 cycles at 80% depth of discharge). While they provide over 50% of 

small portable market, there are some challenges for application to large-scale systems. 

The main hurdle is the high cost (above $600/kWh) due to special packaging needed to 

prevent thermal run away and internal overcharge protection circuits [22].   

Lithium-ion battery developer Altair Nanotechnologies has 1 MW and 250 kWh 

trailer-mounted lithium battery systems in service with both AES Energy Storage, LLC 

and PJM Interconnection LLC (PJM), one of which is shown in Figure 19.  PJM is a 

Regional Transmission Organization (RTO) which is part of the Eastern Interconnection 

grid operating an electric transmission system serving all or parts of Delaware, Illinois, 

Indiana, Kentucky, Maryland, Michigan, New Jersey, North Carolina, Ohio, 

Pennsylvania, Tennessee, Virginia, West Virginia and the District of Columbia [46]. 

 

 
Figure 19:  1-MW/250-kWh transportable Altairnano Li-ion energy storage system at 

PJM [26].  © 2010 Electric Power Research Institute, Inc. All rights reserved. 
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 A123 Systems Incorporated (now A123 Systems, LLC) 8 is a manufacturer of 

lithium-ion (lithium iron phosphate) batteries for the transportation, electric grid and 

commercial markets. A123 Systems has a 2-MW unit serving the California ISO and 

another 12 MW installed by AES GENER at a substation in Chile shown in Figure 20.  

 

 
Figure 20:  Commercial operation of a 12-MW frequency regulation and spinning 

reserve project at AES [26].  © 2010 Electric Power Research Institute, Inc. All rights 

reserved. 

The 12 MW BESS system, with A123 Systems’ Li-ion Hybrid Ancillary Power 

Units (Hybrid-APUs™) [26], is used by AES to provide additional regulating reserves 

for unanticipated grid power demands by the Chilean Market Operator/Dispatcher.    

In total, approximately 18 MW of grid-connected advanced Li-ion battery 

systems have been deployed for demonstration and commercial service [26], showing 

                                                 
8 On October 16, 2012, A123 filed for bankruptcy protection under Chapter 11, Title 11, and United States 

Code and is now operating as A123 Systems, LLC.  The company stated that its automotive assets would 

be purchased by Johnson Controls, a supplier to A123, for $125 million.  On January 28, 2013, Wanxiang 

America purchased the preponderance of A123's assets out of bankruptcy for $256.6M and organized A123 

Systems, LLC [117].   
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that lithium-ion is the technology most well suited to meet the needs of the ancillary 

services market. Li-ion batteries are commercially proven for fast response applications 

such as frequency regulation, which requires a significant number of cycles [34].   Pike 

Research suggests that Li-ion BESS systems will be the predominate technology used for 

ancillary services in terms of market revenue through the world, as shown in Figure 21. 

 

 
Figure 21:  Ancillary Services Installed System Revenue by Technology, World 

Markets:  2009-2019.   © 2010 Pike Research LLC. All rights reserved. 

 

Currently, the major Li-ion battery manufacturers supplying batteries for energy 

storage systems are A123 Systems, Altair Nano, Saft, and Samsung. This thesis models a 

Li-ion BESS system used to provide frequency regulation.   
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 SUMMARY ENERGY STORAGE SYSTEMS ABILITY TO MEET REMOTE 2.2.5

MICROGRID CRITERIA 

Figure 22 shows a comparison of discharge time and power rating for various 

electric energy storage technologies previously discussed.  Flywheels and supercapacitors 

do not meet the 15 minute discharge duration requirement. 

 

 
Figure 22:  Comparison of discharge time and power rating for various electric energy 

storage technologies [33]. © 2010 Electric Power Research Institute, Inc. All rights 

reserved. 

Table 5 shows the response time of various types of battery energy storage 

systems.  Flow batteries (ZBB and VRB), CAES, and PHS do not meet the millisecond 

response time require to provide regulating reserves (frequency regulation).  These 

technologies, ZBB, VRB, CAES, and PHS are used more for energy centric applications, 

than for power centric applications. 
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Technology 
 Response 

time 

PbA  milliseconds 

NiCd  milliseconds 

Li-ion  milliseconds 

NaS  milliseconds 

VRB  seconds 

ZBB  seconds 

Flywheel  milliseconds 

PHS  seconds 

CAES seconds 

Table 5: Response times of the various types of energy storage systems [33]. 

A comparison of energy storage technologies by power rating, energy rating, 

specific energy and specific power is shown in Table 6.  In terms of specific energy and 

specific power, Li-ion and NaS batteries are better than PbA, with Li-ion having a slight 

advantage over NaS. 

 

 
Table 6:  Comparison of energy storage technologies by power rating, energy rating, 

specific energy and specific power [37]. 

An overview of the characteristic parameters of lead-acid (PbA), sodium sulfur 

(NaS), lithium-Ion (Li-Ion), zinc bromine (ZnBr or ZBB) flow batteries, and vanadium 

redox (VRB) flow batteries is given in Table 7.  When making a comparison between 

NaS, PbA, and Li-ion in terms of energy efficiency and cycling capability, Li-ion and 

NaS are better than PbA, with Li-ion on par with NaS.   Of the battery energy storage 

systems, the Li-ion batteries appear to be the best current solution for remote microgrid 

Technology Power rating (MW) Specific energy (Wh/kg) Specific power (W/kg)

PHS 10–1000 – –

CAES 50–300 3.2–5.5 –

VRB 0.25–12 25–35 10–20

ZBB 0.1-2 60–85 45

NaS 0.05–34 100–175 90–230

Lead-Acid 0.05–10 30–50 180–200

Li-ion 0.1-50 80–200 245–2000

FESS 1.65, 0.1–20 5–100 11,9000.025–5

0.0015–50

Energy rating (MWh)

500–8000

0.001–40

0.4–244.8

580-2860

2–120

0.1–4
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energy storage, NaS a close second. The following sections describe the elements of the 

BESS system to be used in this study. 

 

 
Table 7:  Characteristic parameters of most common BESS types [37]. 

 

 BESS Characteristics 2.3

 ENERGY RATING 2.3.1

 A BESS is characterized by two critical parameters: the peak power capability (in 

kW or MW) and energy storage capacity (or energy rating in kWh or MWh).  It should be 

noted that the apparent capacity of a battery is dependent on the rate of discharge, so care 

should be taken when comparing ratings between different manufacturers9 [15]. 

Additionally, some manufacturers give a theoretical energy rating rather than the actual 

usable energy rating.  

2.3.1.1 Peukert’s and Usable Energy 

Peukert's law [47], originally presented by the German scientist W. Peukert in 

1897 [48], expresses the capacity of a battery in terms of the rate at which it is 

                                                 
9 With the exception of flow batteries in which power and energy are completely independent. 

Type Life (years) Energy efficiency 

(%)

Daily self-

discharge (%)

Applications

VRB 10–20 65–88 Very low Energy Arbitrage, T&D Deferral, System Capacity, 

Time Shifting, Peak Shaving, Renewable 

Integaration and Smoothing

ZBB 8–10 65–85 None Energy Arbitrage, T&D Deferral, System Capacity, 

Time Shifting, Peak Shaving, Renewable 

Integaration and Smoothing

NaS 10–20 75–87 None Energy Arbitrage, T&D Deferral, System Capacity, 

Time Shifting, Peak Shaving

Lead-Acid 5–15 70–80  0.1–0.2 Reneawable Smoothing, Power Quality, T&D 

System Support, Ancillary Services

Li-ion 14–16 78–88 1–5 Reneawable Smoothing, Power Quality, T&D 

System Support, Ancillary Services

1500–3500

200–500

2500

1000–13000

2000–2500

Cycling capability
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discharged. As the rate increases, the battery's available capacity decreases. 

Manufacturers rate the capacity of a battery with reference to a discharge time:  

 

( )     
   

where CP  is the capacity at a one-ampere discharge rate (A•h), I is the actual discharge 

current relative to 1 ampere (dimensionless), t is the actual time to discharge the battery 

(h). 

 

A more useful formulation of the law provides the effective capacity Ce in terms 

of a known capacity C and discharge rate I: 

(  )         (
 

   
)
   

 

 

where, H is the rated discharge time (h), C is the rated capacity at that discharge rate 

(A•h), I is the actual discharge current (A), k is the Peukert constant (dimensionless) and t 

is the actual time to discharge the battery (h). 

In many applications, it is essential to predict the remaining capacity of a battery 

reliably, accurately and simply.  Peukert’s empirical equation cannot be used to predict 

the state of charge of a battery accurately unless it is discharged at a constant current and 

constant temperature [49]. Methods used for determining SOC, including the method 

used in the BESS model for this thesis, are given in Section 2.3.5. 

2.3.1.2 Discharge Duration 

Discharge duration is the amount of time that storage can discharge at its rated 

output (power) without recharging, and it affects the technical viability of a given storage 

system for a given application [10].     
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 POWER RATING 2.3.2

A BESS power rating (kW or MW) is assumed to be the system’s nameplate 

power rating under normal operating conditions, and is assumed to represent the BESS’s 

maximum power output under normal operating conditions.  Some BESS systems have 

an overload or emergency power rate, which means the BESS can discharge at a 

relatively high rate (e.g., 1.5 to 2 times their nominal rating) for relatively short periods 

of time (e.g., several seconds to as much as 30 minutes) [10].   

2.3.2.1 Discharge Rate 

At very low SOC values (<10%) the system may not be able to discharge at its 

rated output (power).  Figure 23 shows a typical discharge curve for a lithium-ion battery 

energy storage system. Discharge rates are not always symmetrical with charge rates in 

ESS. 

 

  
Figure 23:  Discharge curve for battery energy storage system model in this thesis. 
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2.3.2.2 Charge Rate 

Charge rate is the rate at which the battery energy storage system can be charged. 

This is an important criterion because if storage cannot recharge quickly enough, then it 

will not have sufficient energy to provide the required frequency regulation service. In 

the case of flow batteries, storage charges at a rate that is similar to the rate at which it 

discharges [10]. In the case of Li-ion and PbA battery energy storage systems, storage 

may charge more slowly, depending on the SOC, this relationship is referred to as the 

charge acceptance curve.  A typical charge acceptance curve for a lithium-ion battery 

energy storage system is shown in Figure 24. 

 

 
Figure 24:  Typical charge acceptance curve for a lithium-ion battery energy storage 

system. 
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 SPECIFIC ENERGY AND POWER  2.3.3

The specific power (W/kg) is the rated output power divided by the weight of the 

storage device. The specific energy is calculated as a stored energy divided by the 

volume. These criteria are important in situations where weight is important, such as 

transportation. 

 RESPONSE TIME 2.3.4

The energy storage system response times of interest are the times required to go 

from no discharge/charge (rest) to full discharge, or in other words to go from 0% of rate 

power to 100% of rated power as shown in Figure 25. 

 

 
Figure 25:  Response time. 

 STATE OF CHARGE ESTIMATION 2.3.5

Accurate estimations of state of charge are an important feature of the BESS 

when used for LFC regulation. The BESS must charge and discharge to manage the 

fluctuations, therefore the BESS must be operated at a SOC that will allow it to absorb 

and inject power as necessary to provide the intended support.  
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Three good descriptions of the state of charge in a battery are given by [50] [51] 

[52].  SOC is the equivalent of a fuel gauge for each battery or pack of batteries in a 

BESS system [53].  The units of SOC are percentage points (0% = empty; 100% = full). 

An alternate form of the same measure is the depth of discharge (DOD), the inverse of 

SOC (100% = empty; 0% = full).  SOC is normally used when discussing the current 

state of a battery in use, while DOD is most often used when discussing the lifetime of 

the battery after repeated use.  

Because of the Coulombic efficiency of the battery, it is not possible either to 

measure directly the effective charge in a battery by monitoring the actual charge put into 

it during charging. Losses in the battery during the charge - discharge cycle result in the 

battery delivering less charge during discharge than was put into it during charging. 

Several methods of estimating the state of charge of a battery have been used. Some are 

specific to particular cell chemistries. Most depend on measuring some convenient 

parameter which varies with the state of charge.   

One way of determining the state of charge of batteries is by measuring changes 

in the weight of the active materials or its specific gravity; this is more easily 

accomplished in flooded PbA and flow batteries than it is in sealed PbA, NaS or Li-ion 

batteries.  Often the voltage of the battery cell is used as the basis for calculating SOC or 

the remaining capacity. Results can vary widely depending on actual voltage level, 

temperature, discharge rate and the age of the cell and compensation for these factors 

must be provided to achieve a reasonable accuracy.  

Current based SOC estimation  (or Coulomb Counting) relies on estimating the 

remaining capacity in a cell by calculating or measuring the charging current entering 

(negative) or discharging current (positive) leaving the cells and integrating 

(accumulating) this over time, as in equation (11). 
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(11) Q(t)  ∫ I(𝜏)d𝜏 
 

 
   

where I(τ) is the discharge current (A), Cn is the nominal capacity of the battery in 

(Ah)     is an efficiency factor (%), and t is time (h). 

 

The calibration reference point Q0 is a fully charged cell and the SOC is obtained 

by subtracting the net charge flow from the charge in a fully charged cell.  
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Coulomb counting provides higher accuracy than most other SOC measurements 

since it measures the charge flow directly. However it still needs compensation to allow 

for the operating conditions as with the voltage based method. 

To overcome the shortcomings of the voltage based SOC estimation methods and 

the current integration or coulomb counting based SOC estimation methods, a Kalman 

filter is often used as described in [54] [55]  [56], and more recently, the Unscented 

Kalman filter, as described in [57]. The battery, of which the state of charge is to be 

determined, can be modeled with an equivalent electrical model. Subsequently the 

Kalman filter will then predict the over-voltage, due to the current, and in combination 

with coulomb counting, make an accurate estimation of the state of charge.   

 CYCLE-LIFE 2.3.6

When using a BESS for LFC on a wind farm, the required size and battery life 

depends on the types and variability of the daily wind patterns and resulting wind plant 

output.  Battery energy storage systems degrade in predictable ways when subjected to 

repeated charge/discharge cycles in a controlled manner, however when using a BESS for 
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frequency regulation the cycle time and depth are highly variable.  The more variable the 

wind the more variable the cycles will become. Figure 26 shows a cycle-life curve for a 

sample Li-ion battery system based on DOD for each cycle. In this case, the cycles have 

been performed at 20 °C to 25 °C, with full recharge after each discharge, until the 

available capacity has dropped to 80% of rated (State of Health (SOH) equal to 80%).  

Notice that as the DOD decreases, the cycle life increases exponentially; therefore the 

larger a system’s energy rating, the lower the DOD will be for a given cycle and the 

longer the system will last.   

 
Figure 26:  Cycle-life curve for a Li-ion battery energy storage system [58].  © 2010 

IEEE 

For some battery energy storage systems, such as vanadium redox flow and the 

ZBB flow, the cycle life is not a function of DOD, which means the discussion in this 

section can be ignored.  The fact that cycle life of flow batteries is generally independent 
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of state of charge (SOC) and depth of discharge (DOD) makes the task of cycle counting 

and cycle costing a much simpler task in comparison to NaS, PbA, or Li-ion based 

systems. 

Certain applications, such as those described in this document, namely, load 

frequency control used to dispatch regulating reserves, impose variable cycling profiles 

on battery energy storage systems, in which the DOD may be inconsistent and the 

recharge on each cycle may be incomplete. Thus, when in use, the cycling of the BESS is 

not controlled in a uniform manner as presented in the cycle-life curve from the BESS 

manufacturer, such as the one shown in Figure 26.  This can create difficulties for 

prospective end users in assessing the expected operating life for a given device. This 

section provides a suggested method for interpreting cycling data for such an application 

and for calculating the life of a given energy storage device based on typical published 

data [58]. 

As a BESS provides regulation or load frequency control, the system is charged or 

discharged by a specific percentage and the state of charge either increases or decreases 

respectively. In this study, the depth of discharge is calculated using trapezoidal 

integration to determine the energy for the given duration and power values.   An 

example of trapezoidal integration and the equation used for this method are shown 

below in Figure 27 and outlined in equation  (13). 
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Figure 27:  Depth of Discharge. 

 

In Figure 27 and equation  (13), P1 (kW) and P2 (kW) are the starting and ending 

power output of the BESS, respectively.  Duration is the time interval between P1 and 

P2, defined as the end time (t2 in seconds) minus the start time (t1 in seconds) as shown 

in Figure 27.  In equation  (13), System Size is the energy rating of the BESS, as 

described in 2.3.1, in megawatt hours (MWh).  

 

 (13)                      
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(     )
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As shown in Figure 26, the greater the depth of discharge, the more the cycle life 

of the BESS is impacted. Events greater than or equal to 1% depth of discharge typically 

occur during periods when the BESS has to absorb or inject large amounts of power for 

longer than a few seconds.  For example, a 15MW/10MWh BESS system would have to 

absorb 6 MW per second for 60 seconds to increase the state of charge by 1% ((6,000 + 

6,000)/2 x (60/3,600) x (1/10,000) = .01). 
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Additionally, the BESS must smooth changes in power that occur in a very short 

period of time. These changes are typically very low in their depth of discharge due to 

their short cycle times. For instance, if the power increases from 4.4 MW to 4.6 MW over 

a span of 4 seconds before beginning to decrease, the system experiences a depth of 

discharge equal to .05%  ([(4,400 + 4,600)/2] x (4/3,600) x (1/10,000) = .0005) during 

that microcycle event. In a frequency regulation application, as described herein, these 

microcycle events have a much smaller incremental effect on the life of the BESS but a 

large cumulative effect on the cycle life because they occur thousands of times a day.  

2.3.6.1 State of Health (SOH) and End of Life 

During the lifetime of a battery, its performance or "health" tends to deteriorate 

gradually due to irreversible physical and chemical changes which take place with usage 

and with age until eventually the battery is no longer usable.  State of health is a 

“measure” or figure of merit that reflects the general condition of a battery and its ability 

to deliver the specified performance compared with a fresh battery [59] [60]. SOH takes 

into account such factors as charge acceptance, internal resistance, voltage and self-

discharge, and has been studied for  many different battery types, such  as NiMH, Li-ion, 

and Li-ion polymer (LiPo) [61] [62] [63]  [64]  [65].  

 The unit of SOH is percent (with 100% = the battery's conditions match the 

battery's specifications), and a battery's SOH will be 100% at the time of manufacture and 

will decrease over time and use. However, sometimes a battery's performance at the time 

of manufacture may not meet its specifications, in which case its initial SOH will be less 

than 100%. 

Unlike the SOC, which is usually directly estimated with battery charge 

measurements, there is no absolute definition of the SOH.  On the other hand, SOH is 
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typically defined as the maximum charge that can be released after the battery has been 

fully charged and expressed as a percentage of the rated capacity as shown in equation 

(  ).  The typical end-of-life point is defined as SOH equal to 80%.  However there is no 

true industry standard for end-of-life therefore, the SOH definitions are specified by test 

equipment manufacturers or by the end user of the battery energy storage system.  Most 

battery technologies can be used beyond this nominal end-of-life point, although the 

decreased capability must be taken into account in system sizing calculations [58]. 

 

(  )      
    

      
     % 

where Qmax is the maximum charge that can be released, and Qrated is the battery’s rated 

capacity.    

The SOH applies to batteries after they have started their aging process either on 

the shelf or once they have entered service. In principal, any parameter which changes 

significantly with age, such as cell impedance or conductance, can be used as a basis for 

providing an indication of the SOH of the cell, but in practice the SOH is typically a 

secondary estimate, e.g.,  relying on measured cell impedance or change in SOC.  The 

two main factors that affect SOH are cycle count and calendar (shelf) life. 

 Primary Components of Li-Ion BESS for Remote Microgrids 2.4

A typical grid-scale BESS consists of a battery bank (also known as a pack), a 

power conversion system, and grid connection equipment (sometimes referred to as 

balance of plant). The latter equipment includes protective circuit breakers, protective 

relays, and a transformer to convert the BESS output to the transmission or distribution 

system voltage level.  A highly simplified one-line diagram of a simple BESS is shown in 

Figure 28 [15].  An overview of BESS is well described in [66] [37] [67], and in addition 
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to the aforementioned, the main components of the BESS include a supervisory control 

and data acquisition (SCADA) system. 

 

Transformer Breaker Power 

Conversion 

System

Battery Bank

To Power Grid

 
Figure 28: High level block diagram of a typical BESS.  © 2011 IEEE 

BESS for renewable energy applications are typically co-located with the 

renewable generation, with the combined output power at the collection bus being 

stepped up in voltage and sent out to the grid.  Figure 29 shows a connection scheme for 

a BESS connected to a wind farm with wind turbine generators (WTGs) located on two 

adjacent feeder lines.  Figure 30 shows the energy flow of typical wind power plant with 

a BESS. 

 
Figure 29:  Typical Interconnection for a Battery Energy Storage System. 

 

23 kV

Main

46 kV
To Kahuku

Utility Metering 

Point

To  Wahiawa

23 kV

Transfer

spare

WT units

1-4,10,11

WT units

5-9,12
1 MWh

(x10)

480 V

1.5 MVA

(x10)

N.O.N.O.N.O.

E
x
p
a

n
s
io

n



 66 

 
Figure 30: Energy flow chart of a typical wind power plant with a BESS. 

 

 BATTERY SYSTEM 2.4.1

A battery is an electrochemical power source which liberates energy in a chemical 

reaction to be converted directly into electricity. The basic principle of a battery is based 

on the fact that electrodes immersed in a suitable conductive solvent (the electrolyte), 

exhibit an electrical potential relative to the electrolyte. When two dissimilar materials 

compatible with the same electrolyte simultaneously are immersed in the electrolyte, they 

exhibit an electrical potential difference, called the ‘cell voltage’ relative to each other.  

When two such electrodes are connected to each other through an appropriate 

resistive load, electrons flow from the higher potential electrode, the battery anode, 

through the external circuit to the lower potential electrode, the battery cathode. The 

anode is typically referred to as the “negative” electrode and the cathode is referred to as 

the “positive” electrode. While the direction of electron flow can change depending on 

whether the battery is being charged or discharged, it is typical to refer to the electrodes 

with names associated by their roles in the discharge process. 
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2.4.1.1 Pack Configuration 

The battery bank (or battery pack) consists of multiple battery modules or cells 

connected in a series-parallel configuration to provide the desired current carrying 

capability, voltage levels, as well as the necessary energy storage capacity.  The current 

capability and energy requirements will be determined by the power and energy 

requirements of the ancillary services being provided.  The voltage of the battery pack 

will vary with the state of charge of the battery pack.  Voltage range of the battery pack 

(VBattMax – VBattMin) is one of the key drivers of power conversion system (PCS) 

topologies, such as going to two stage or single stage (difference between two stage or 

single stage explained in Section 2.4.2).  A Li-ion cell typically has values of VBattMin that 

is 70% of VBattMax.  

A typical lithium-ion pack assembled for a single stage power conversion system 

has a cell of approximately 4 Volts.  The cell is the basic building block and cells are 

combined into battery modules.  A module is assembled from two parallel strings of 

seven cells in series (2P7S).  These 24 Volts modules are connected in a series string of 

thirty modules (or in terms of cell 2P210S) to create a nominal pack voltage of 720 Volts.  

Many of the 30 module strings can be combined in parallel as the energy demands grow. 

2.4.1.2 Battery Monitoring and Management Systems 

In addition to the above considerations, special care must be taken in managing 

the charging of a string of batteries. This is due to inherent differences in each battery in a 

string to accept a charge (i.e. each battery has a slightly different impedance). These 

differences in impedance increase with age and are present no matter how precisely 

batteries are manufactured. Temperature differences between batteries in a string also 

increase this variation in impedance amongst the batteries in the string. Due to these 

variations, applying the same current to a string of batteries causes some batteries to be 
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overcharged and some to be undercharged. This will occur since the voltage and 

temperature readings used to adjust or terminate the charging current are typically based 

on an average of all the batteries in the string. Similarly, discharge of the battery string 

will be based on the average string voltage reaching a minimum level. Over a number of 

cycles the differences between the strongest and weakest batteries increase since the 

strongest batteries continue to get the most charge while being discharged the least while 

the weakest batteries receive the least charge and get discharged the most. Eventually, 

batteries will prematurely fail due to overcharging or undercharging [68]. 

To solve this problem, the charging of a string of batteries must be managed by 

monitoring each battery’s temperature and voltage. Once this information is known, 

string-charging currents can be adjusted so that no battery is damaged during charging or 

discharging.  A weak battery or a failed battery can affect the entire string and or battery 

pack.  The ability to be able to quickly identify a weak battery or a failed battery via the 

battery monitoring and management system and remove the affected string from the pack 

to continue operation at a reduced energy rating is a valuable asset when the BESS is 

required to maintain its ability as a critical regulating resource. 

 POWER CONVERSION SYSTEM 2.4.2

A power conversion system used with energy storage will be a bi-directional 

power conversion system, meaning that the PCS converts DC-power from the DC-source 

(battery pack) to AC-power in order to feed the power to a three-phase grid.  The PCS 

also converts the AC-power into DC-power in order to charge the battery.  Note it is 

common jargon to refer to the PCS as an “inverter” even though the term inverter is 

typically reserved for a unidirectional device that converts DC power to AC Power. 
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Typically PCS used for energy storage applications are implemented with the 

three-phase sinusoidal converter that operates in the current-controlled mode and use 

non-punch through (NPT) insulated-gate bipolar transistors (IGBT) as power switching 

devices.  It is also typical to utilize a DC capacitor mounted as a part of the IGBT 

modules on the DC side to reduce the ripple current in the DC-source.  The PCS modeled 

in this thesis is P (active/real power) and Q (reactive power) controllable, meaning the 

PCS is able to charge and discharge batteries remotely with P (Real Power) commands 

and concurrently to inject or absorb reactive power based on Q (Reactive Power) 

commands.  PCS can be either Single Stage, having AC-DC conversion and shown in 

Figure 31, or Two Stage, having one AC-DC stage and one DC-DC conversion stage, as 

shown in Figure 32.  The advantages of a single stage PCS are lower costs and higher 

reliability (due to few components).  The advantage of a two stage PCS is the DC range 

of the battery pack (VBattMax – VBattMin) can be broader, which is why flow batteries often 

use two stage PCS rather than a single stage PCS. 

DC-AC
Converter

Battery Pack

A

B

C

AC 
Connection,

480V

 
Figure 31: Single stage PCS diagram. 
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Figure 32:   Two stage PCS diagram 
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2.4.2.1 Main Components of PCS 

This thesis uses a single stage PCS, which contains a DC section, IGBT Inverter section, 

AC filter, and AC Disconnect Section. A simplified single line diagram of a single stage 

PCS is shown in Figure 33.  
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Figure 33:  Simplified single line diagram of single stage PCS. 

 DC Section 2.4.2.1.1

The DC section of the PCS contains a DC disconnect, which can be a DC breaker, 

DC disconnect switch, or a load break DC contactor, to isolate the battery from the PCS.  

The PCS should have DC fuses to protect against a battery short circuit and a DC pre-

charge circuit, with a resistor between the capacitor and the battery, to limit the in-rush 

current. There will be a significant in-rush current from the battery to charge the DC 

capacitor, which can only be limited by the battery impedance, equivalent series 

resistance (ESR) of the capacitor, and the impedance of the interconnection equipment 

(fuses and disconnect).  The DC pre-charge circuit protects both the capacitor and the 

battery. Once the capacitor is charged, the PCS control system removes the pre-charge 

resistor automatically. For a 480VAC single stage PCS, the DC connection (also known 

as the DC link) has a range of 750 VDC to 1200 VDC.   
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 IGBT Inverter Bridge 2.4.2.1.2

The PCS has IGBT inverter modules constructed with IGBT assemblies which 

can be either air or liquid cooled heat sinks. The IGBT modules are connected in half-

bridge pairs as shown in Figure 34. 

 

PWM Wave

Negative DC Rail

Positive DC Rail

 
Figure 34:  IGBT Module, Half bridge pair. 

The bi-directional PCS technology in use today for energy storage applications is 

based on pulse width modulation (PWM).  The most widely used PWM schemes for 

three-phase voltage source inverters are carrier-based sinusoidal PWM and space vector 

PWM (SVPWM).  A PWM signal is a square wave whose duty cycle is modulated 

resulting in the variation of the average value of the waveform.  Typical switching 

frequencies for PCS are between 2 kHz and 10 kHz.   

 AC Filter and AC Disconnect 2.4.2.1.3

The PWM output from each IGBT inverter module (half bridge pair) is connected 

to a three-phase AC filter consisting of a 3-phase inductor to reduce the switching 

frequency current in the inverter and a 3-phase filter capacitor to filter the inverter high 

frequency voltage harmonics. The output of each AC filter is connected to a 3-phase AC 
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contactor to isolate the AC filter and the IGBT modules from the grid.  The AC section 

also contains a pre-charge circuit to pre-charge the AC filter capacitor prior to closing the 

said AC contactor.  

 BESS CONTROL SYSTEM 2.4.3

The BESS control system is a vital part of the BESS. As summarized in [67], a set 

of controls (and a power conditioning system) are necessary to interface with the utility 

source, as well as for regulating the charge/discharge and current rate.  The BESS control 

system uses potential and current transformers to take real-time (RT) measurements, such 

as voltage, current, real power, and frequency of the wind plant output power. After 

converting the potential and current transformers signals from analog to digital, the 

control computer can determine the necessary power to be absorbed or discharged 

(injected) by the battery system, depending on the control scheme.  The control system 

can also have dedicated communication ports to interface with the grid operator, 

protective relaying devices, and utility supervisory control and data acquisition (SCADA) 

systems.  A flow chart of a typical BESS control system is shown in Figure 35. 
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Figure 35:  Flow chart of a typical BESS control system. 

The BESS Control System in this thesis is used to dispatch the BESS as 

regulating reserves using three different control schemes.  The real time algorithms 

employed by the BESS control system in this thesis are described in detail in Chapter 5.  

The model of the BESS control system is present in the next chapter, Chapter 3. 
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CHAPTER 3  
BESS MODELING AND ASSUMPTIONS 

The dynamic models described in Chapters 3 and 4 have been developed in 

PSS®E.  The simulations described in Chapter 6 were conducted using the PSS®E 

dynamic simulation tool.  Many of the models are from the built-in library of dynamic 

simulation models, others are user defined models. 

In this chapter the components of the BESS model are described in detail.  The 

BESS model is a user defined dynamic model for PSS®E, it is not part of the built-in 

library of dynamic simulation models.  The attributes of the BESS modeled in this thesis 

were given in Chapter 2 and repeated here in Table 8.   

 

Characteristic  Value 

Technology Li-ion 

Ancillary Service Type regulating reserves 

Dispatch Method LFC 

Response Time of ESS < 1 second 

Discharge duration 15 minutes 

power rating 10.0 MW 

Energy Rating (usable) 2500 kWh 

Efficiency  85% 

SOC Method Coulomb Counting 

Table 8:  Attributes of BESS model. 

The BESS model can be described in two functioning sections:  a Control System 

section and a PCS and Battery section.  These sections or sub-models are delineated in 

Figure 36. 
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Figure 36:  High Level BESS Model Block Diagram and Division into Control 

System, and PCS and Battery. 

 Control System Sub-Model 3.1

Three main control modes are considered within the BESS Control System: Ramp 

Rate Control, Modified Lead Compensator, and Droop Control.  Block diagrams of each 

of these control mode models are presented in the subsequent sections. The three control 

modes and their respective control algorithms are covered in more detail in Chapter 5.  

The Control System section of the BESS model is shown in Figure 37. 
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Figure 37:  Control System section of BESS model. 

A list of the signals used for the Control System section is given in Table 9.  The 

main inputs are the Bus_Freq, Pwind, P_BESS and Ptot signals. Bus_Freq is the 

microgrid frequency measured at the point of common coupling (PCC) of the BESS (Bus 

1804 in PSS®E model).  Figure 38 gives an example of the coupling of the proposed 
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wind plant NWP (see section 1.4.1.2) which includes the BESS.  Ptot is the real 

power measured flowing through breaker 1.  Pwind is the sum of the real power flowing 

through breakers 3 and 4.  P_BESS is the real power flowing through breaker 2.  The 

output of the Control System section of the BESS is PCS_Paux which is the real power 

command sent to the PCS.  In this thesis there is no reactive power control (voltage 

regulation), therefore there is no reactive power command (PCS_Qaux) sent to the PCS.  

In other words, the PCS in this thesis operates a unity power factor and only accepts and 

acts upon real power commands. 
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Figure 38:  Bus_Freq, Ptot, Pwind, and P_BESS measurement points. 
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Signal Description 

Bus_Freq Frequency measured at PCC 

Ptot Real power measured at PCC 

Pwind Real power from sum of all WTGs 

P_BESS BESS real power 

SOC SOC of BESS 

RR_Paux Output of Ramp Rate controller 

MLC_Paux 

Output of Modified Lead 

Compensator 

Droop_Paux Output of Droop Controller 

PCS_Paux 

Output of BESS Control System, 

Input power command to PCS 

Table 9:  Signals used for the Control System section of the BESS model. 

The BESS control system, like all controllers, can control any process that has a 

measurable output (Process Variable or PV), a known ideal value for that output 

(Setpoint or SP) and an input to the process (Manipulated Variable or MV) that will 

affect the relevant PV.  The process variables, manipulated variables and setpoints used 

for the three control modes are given in Table 10. 

 

Controller Process 

Variable (PV) 

Manipulated 

Variable (MV) 

Setpoint (SP) 

Ramp Rate Control 
      
  

 RR_Paux 0.5MW/min or 1MW/min 

Modified Lead 

Compensator 
Bus_Freq MLC_Paux 60 Hz 

Droop Bus_Freq Droop_Paux 60 Hz 

Table 10: Process, manipulated and the setpoint variables used for the three control 

modes. 

 RAMP RATE CONTROL MODE 3.1.1

The algorithms in this section are based on US Patent, Publication No. 

US20110273129 A1, of which the author of this thesis is listed as an inventor. The theory 

of Ramp Rate Control is presented in more detail in Chapter 5.  Ramp rate control is a 
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specified requirement in power purchase agreements (PPA) for renewable plants in Maui 

County, made available through the Public Utilities Commission for the State of Hawaii. 

There are specified allowable ramp rate limits for the wind plants (Allowable_RR) 

which bound the allowable changes in real power injection and absorption of the wind 

plant.  The BESS control systems monitor the branch MW flow from the wind plant 

(Pwind).  The Ramp Control function block determines how much power needs to be 

injected or absorbed (charged or discharged) from the BESS such that the sum (Ptot) of 

the BESS output (P_BESS) and Pwind are within the allowable ramp rates.  In this thesis, 

case studies are simulated with Allowable_RR equal to 0.5 MW / minute and with 

Allowable_RR equal to 1.0 MW / minute.  These ramp rate requirements were chosen 

based on existing ramp rate requirements in PPAs.  A block diagram of the Ramp Rate 

Control Mode is shown in Figure 39.   
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Figure 39:  Ramp Rate Control Mode Block Diagram. 

3.1.1.1 Ramp Rate Control Function Block 

The inputs to the Ramp Rate Control function block are Pwind and 

Allowable_RR, and SOC.  Pwind is the real power out of the wind plant being managed 

by the BESS.  Pwind can be measured directly or by taking the total power (Ptot, which 

is the sum of the real power supplied by the BESS and the wind plant) and subtracting off 
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the power from the BESS.  The output of the Ramp Rate Control function block is 

RR_Paux which is the real power command to be sent to the PCS.  A block diagram of 

the Ramp Rate Control function block is given in Figure 40. 
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Figure 40:  Block diagram of the Ramp Control function block. 

There are several function blocks contained within the Ramp Control function 

block, namely the Mux function blocks, the Comparator function blocks, UpRR function 

block, and the DownRR function block, all of which are described in the following 

sections. Table 11 gives the description of signals used in Ramp Rate Control logic. 
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Signal Description 

RR_Paux Power required from BESS system at time t (positive   

sourcing; negative   absorbing) to maintain UpRR or 

DownRR 

DeltaP  Difference of allowable total system output from time t-1 

and total turbine output at time t  

UpRR  Up ramp rate limit (function of SOC) 

DownRR  Down ramp rate limit (function of SOC) 

AllowablePowerOut The allowable total system real power output that would be 

within the allowable ramp rate 

DeltaAllowablePowerOut Incremental change to be added to AllowablePowerOut 

Table 11:  Description of signals used in Ramp Rate Control logic. 

The following pseudo-code illustrates an example algorithm for controlling the 

amount of power absorbed or supplied by BESS when providing Ramp Rate control, as 

shown in Figure 40. 

IF DownRR > DeltaP THEN 

 DeltaAllowablePowerOut = DownRR; 

ELSEIF UpRR < DeltaP THEN 

 DeltaAllowablePowerOut = UpRR; 

ELSE 

 DeltaAllowablePowerOut = DeltaP 

ENDIF 

 Comparator 3.1.1.1.1

The Multiplexer and Comparator function block are used to create if-then-else 

statements as described in the previous section.  The comparator function is used to 

create the IF portion of the IF-THEN-ELSE statement.  The Comparator function block is 

shown in Figure 41. The output of the comparator is high (value= 1) when the non-

inverting (positive) input is higher than the inverting input. When the non-inverting input 
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is lower, the output is zero. If the two inputs are equal, the output is undefined and it will 

keep the previous value. 

OutputNon-Inverting Input

Inverting input

 
Figure 41: Comparator function block. 

Comp2 has DeltaP as the non-inverting input and UpRR as the inverting input; if 

UpRR is less than DeltaP then the output is true, which assigns UpRR to 

DeltaAllowablePowerOut via Mux2.  Comp1 has DownRR as the non-inverting input 

and DeltaP as the inverting input; if DownRR is greater than DeltaP then the output of the 

Comparator function block is true, which assigns DownRR to DeltaAllowablePowerOut 

via Mux1. 

 Multiplexer 3.1.1.1.2

The Multiplexer function is used to create the THEN portion of the IF-THEN-

ELSE statement. The Multiplexer (Mux) function block is shown in Figure 42 with three 

inputs; s0, d0 and d1 and one output.  The output is d1 when s0 is high and the output is 

d0 when s0 is low as shown in Table 12. 
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Figure 42:  Mux function block. 
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s0 Output 

0 d0 

1 d1 
Table 12:  Multiplexer logic table. 

Mux1 assigns either DownRR or DeltaP to DeltaAllowablePowerOut based on 

the input (s0) from Comp1.  If DeltaP is within the up and down ramp rates then DeltaP 

is assigned to DeltaAllowablePowerOut, otherwise DeltaAllowablePowerOut gets the 

value of DownRR. 

3.1.1.2 DownRR and UpRR 

The DownRR and UpRR function blocks contain limits; the Up Ramp Rate (UpRR) is 

the ramp rate limit applied when the power output from the wind plant is increasing and 

the Down Ramp Rate (DownRR) is the ramp rate limit applied when the power output 

from the wind plant is decreasing.  UpRR is always a positive number and DownRR is 

always a negative number.  In this thesis, the UpRR and DownRR will have the same 

magnitude but opposite sign, but it should be noted that this constraint is not always 

applied in the real world.  Often times PPA require a maximum upward ramp rate that is 

different from the allowable downward ramp rate.  The block diagrams of the DownRR 

and UpRR function blocks are shown in Figure 43. 

 

DownRR

-Allowable_RR

DownRR

UpRR

Allowable_RR

UpRR

SOC SOC

 
Figure 43:  Block diagrams of the DownRR and UpRR function blocks. 
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 A description of the inputs and outputs of these function blocks is given in Table 

13. In the simplest form for ramp rate control, DownRR and UpRR would be assigned to -

Allowable_RR and Allowable_RR, respectfully.  However, this would cause SOC to drift 

because the amount of power required to provide ramp rate control when integrated over 

time is not equal to zero, in other words it is not energy neutral. This causes the BESS to 

accumulate or expend energy stored in the batteries over time (SOC to drift up or down) 

which limits its ability to respond in both directions based on the charge and discharge 

curves. By adjusting the values of the UpRR and DownRR to tighter than the requirement 

(Allowable_RR), the controller is allowed to maximize charge/discharge in the direction 

that will aggressively push SOC back towards the target SOC without violating the ramp 

rate requirements [12].  This form of SOC management is sometimes referred to as SOC 

bias control (or SOC biasing). 

 

Signal Description 

Allowable_RR Maximum allow ramp rate of Ptot 

SOC SOC of the BESS 

UpRR  Ramp rate limit applied when the power output 

from the wind farm is increasing 

DownRR  Ramp rate limit applied when the power output 

from the wind farm is decreasing 

Table 13:  Inputs and outputs of the DownRR and UpRR function blocks. 

 A description of the parameters contained within these function blocks is given in 

Table 14. 
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Parameter 

Name 
Description 

SOCTgt  Target SOC  

SOCDB  Dead band variable set at around Target SOC (SOCTgt). 

SmthRRup  The up ramp rate assigned to UpRR if SOC within SOCDB limit. 

Always a positive number. 

SmthRRdown  The down ramp rate assigned to DownRR if SOC within SOCDB 

limit. Always a negative number. 

MinRRup  The up ramp rate assigned to UpRR if SOC is higher SOCDB upper 

limit. Always a positive number. 

MinRRdown  The down ramp rate assigned to DownRR if SOC is lower than 

SOCDB lower limit. Always a negative number. 

ExcRRup 

The up ramp rate assigned to UpRR if SOC is lower SOCDB lower 

limit. Always a positive number. 

ExcRRdown 

The down ramp rate assigned to DownRR if SOC is higher than 

SOCDB upper limit. Always a negative number. 

UpRRtrans 

The up ramp rate assigned to UpRR when the SOC is between 

SOCTgt and the SOCDB lower limit.  Always a positive number. 

DownRRtrans 

The down ramp rate assigned to DownRR when the SOC is between 

SOCTgt and the SOCDB upper limit. Always a negative number. 

Table 14:  Description of the parameters contained within the DownRR and UpRR 

function blocks. 

A nominal state of charge targeted as the operating point for the BESS, referred to 

as the target SOC (SOCTgt), serves as the reference point of the ramp rate control bias. 

The bias control keeps the state of charge within the SOC deadband (SOCDB) of the 

target SOC by adjusting the UpRR and DownRR to maximize charging or discharging 

depending on the bias direction required. Each ramp rate (UpRR and DownRR) moves 

between a minimum ramp rate, a smoothing ramp rate, and an excursion (maximum 

allowable) ramp rate depending on the current state of charge value [12].  Note in this 

thesis the excursion (maximum allowable) ramp rate equals Allowable_RR. 

When SOC is exactly equal to the target state of charge, both ramp rates are equal 

to the smoothing ramp rates (UpRR = SmthRRup and DownRR = SmthRRdown). As SOC 
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drifts from the target SOC (SOCTgt) towards the upper limit of SOC deadband (SOCTgt 

+ SOCDB/2), the DownRR ramp rate remains at the smoothing value while the UpRR 

moves linearly from smoothing (SmthRRup) to excursion ramp rate (ExcRRup). 

Conversely, as SOC drifts from the target SOC (SOCTgt) towards the lower limit of SOC 

deadband (SOCTgt - SOCDB/2), the UpRR remains at the smoothing value and the 

DownRR moves linearly from the SmthRRdown to ExcRRdown. Once the SOC moves 

outside the target SOC +/- SOCDB/2, whichever ramp rate was smoothing drops to 

minimum ramp rate (MinRRup or MinRRdown) and the transitioning ramp rate reaches 

the full excursion ramp rate value (ExcRRup or ExcRRdown) [12].   

A graph showing how UpRR and DownRR vary with SOC is shown in Figure 44, 

where SOCTgt is equal to 50%, SOCDB is 10% or +/- 5%.  
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Figure 44:  UpRR and DownRR as functions of SOC. 

The control logic used to assign values to the UpRR and DownRR signals is given 

in Table 15.   
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SOC UpRR DownRR 

SOCt-1 > SOCTgt + SOCDB/2 MinRRup ExcRRdown 

SOCTgt ≤ SOC ≤ SOCTgt + SOCDB/2 SmthRRup DownRRtrans 

SOCTgt - SOCDB/2 ≤ SOC ≤ SOCTgt UpRRtrans SmthRRdown 

SOC < SOCTgt – SOCDB/2 ExcRRup MinRRdown 

Table 15:  UpRR and DownRR logic. 

UpRRtrans is given by equation (15) and DownRRtrans is given by equation (16). 

 

(15)                         (       – SOC   )            

(16)                           (      – SOC   )  (− )            

Where  

           
        −          

     
 

 

 MODIFIED LEAD COMPENSATOR MODE 3.1.2

The load frequency controller described in this section monitors the grid 

frequency at the point of BESS interconnection.  The frequency deviation is monitored 

and used to produce BESS real power output to reduce the measured frequency deviation 

signal. Positive power out of the BESS discharges the battery and injects power into the 

network while negative power out charges the battery and absorbs power from the 

network.   

A block diagram of the standard lead compensator, as described in Hawai'i Solar 

Integration Study, Final Technical Report for Maui [24], is shown in Figure 45. 
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Figure 45 :  BESS load frequency controller from Hawai'i Solar Integration Study, 

Final Technical Report for Maui [24]. 

The difference between the actual frequency and the reference frequency, referred 

to hereinafter as the frequency deviation or error, is the main input to the controller. The 

frequency deviation (error) signal is passed through a deadband function.  The FreqDev 

signal output from the deadband function serves as the input to the lead compensator 

whose transfer function is given in equation (17).  The output of the lead compensator is 

fed into a proportional gain block with a gain K given in equation (18).  Thus the overall 

transfer function is shown in equation (19). 

 

(17)  ( )  
      

      
 

(18)    −
 

 
 

(19)  ( )  −
 

 
 
      

      
 

The transfer function G(s) in equation (19) is comprised of a normal lead 

compensator with a gain and a single pole and a single zero and a proportional controller. 

The transfer function G(s) can be rewritten as shown in equation (20), where K0 and K1 

are defined in equations (21) and (22), respectively.   
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(20)   ( )     
  

      
  

(21)    −
 

 
 
   

   
 

(22)    −
 

 
 ( −

   

   
) 

As expected for a lead compensator, equation (22) looks like a direct proportional 

term in parallel with a negative gain low pass filter (LPF).  The initial or high frequency 

gain is K0 as shown in equation (23) and the steady state or DC gain is -1/R as shown in 

equation (24). 

 

(23)        ( )      −
 

 
 
   

   
 

 

(24)        ( )   −
 

 
 

 

From the combination of the proportional term with the LPF it can be seen that 

the overall H(S) will respond very strongly to rapid changes and then as the LPF output 

catches up with the proportional output then the overall G(s) will strongly diminish. 

The standard lead compensator, as described in Hawai'i Solar Integration Study, 

Final Technical Report for Maui [24], was modified to prevent the BESS from 

counteracting the under-frequency load shedding (UFLS) or generator trip events.  The 

transfer function for the modified lead compensator (MLC) is given in equation (61).  

The motivation for modifying the standard lead compensator is presented in more detail 

in Chapter 5 and the block diagram is presented in Figure 46. 
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Figure 46:  Modified lead compensator block diagram. 

The inputs to the MLC are the frequency setpoint (60 Hz) and Bus_Freq which is 

the frequency measured at the point of interconnection of the wind plant to the microgrid.  

The output of the MLC is MLC_Paux, which is the real power command sent to the PCS 

when the BESS is operating in the MLC Mode.   

3.1.2.1 Deadband Function Block 

Any input value (in this case the error signal) that is between the upper 

(DBUpper) and lower deadband (DBLower) will result in a zero output from the 

deadband function. When the input exceeds the deadband value then the output signal 

will be the input value with the deadband value subtracted off. This produces an offset in 

the output frequency deviation signal compared to the input signal. The parameters used 

within the Deadband function block are given in Table 16. 

 
Parameter 

Name 
Description 

DBUpper 

Upper deadband value (Hz) for MLC control. Set upper and lower 

deadband values equal to zero to disable the deadband function.  

DBLower Lower deadband value (Hz) for MLC control. 

Table 16:  Parameters used within the Deadband function block. 

The deadband function used in this thesis is not the classic version of a deadband 

as shown in Figure 47, where the deadband is set at +/- 0.5, or with DBUpper equal to 0.5 

and DBLower equal to -0.5. 
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Figure 47:  Classic deadband function. 

The deadband function contained herein removes the discontinuity from the 

frequency deviation signal (FreqDev) seen by the MLC when the system frequency 

deviation goes outside the deadband.  The deadband logic used in this thesis is given in 

Table 17 and shown in Figure 48, where the deadband is set at +/- 0.5, or with DBUpper 

equal to 0.5 and DBLower equal to -0.5.  The removal of the discontinuity eliminates 

undesirable action when using a relatively large deadband. 

 

Input = error Output = FreqDev 

error > DBUpper FreqDev = error - DBUpper 

DBLower ≤ error ≤  DBUpper FreqDev = 0 

error < DBLower FreqDev = error + DBLower 

Table 17:  Deadband logic used in this thesis. 
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Figure 48:  Deadband function used in this thesis. 

3.1.2.2 Modified Lead Compensator and Mod Logic 

The MLC controller with transfer function, shown in Figure 46, has a scaling 

modifier, Mod, included which multiplies the (1‐Tld/Tlg) term to convert the lead 

controller into a simple proportional controller and back to a lead controller by changing 

the value of the Mod parameter from 1.0 to 0.0.  The equation for this is: 

 

(25) −
 

 
[
   

   
    ( −

   

   
) (

 

      
)] 

As the Mod parameter varies between 0.0 and 1.0 it acts like a throttle on the 

control action for the part of the lead compensator for high values of frequency deviation. 

The controller as modeled herein has the Mod parameter set to 1.0 until the frequency 

deviation (absolute value) gets to 0.5 Hz. The Mod parameter decreases linearly if the 

absolute value of the frequency deviation is larger than 0.5 Hz until Mod = 0.0 when the 

absolute value of the frequency deviation is larger than 0.8 Hz.  When the Mod parameter 
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is equal to zero, the controller behaves like a simple proportional or droop controller.  

The Mod parameter logic is shown in Table 18. 

 

|FreqDev| Value Mod Parameter Value 

|FreqDev| < 0.5 Hz 1 

0.5 Hz ≤ |FreqDev| < 0.8 Hz (2.672 - |FreqDev|)/3.34 

≤ 0.8 Hz 0 

Table 18:  Mod parameter logic. 

 DROOP CONTROL MODE 3.1.3

It is desirable to command the BESS to charge or discharge its batteries during 

over-frequency or under-frequency events, respectively. Using proportional control to 

deliver or absorb power in support of the grid frequency stabilization is referred to as 

droop response or droop control [13], with a gain of 1/R, with R defined as: 

 

      t   
                        

                           
 

For example, a 4% droop response (PercentR = 0.04) will result in a 100% change 

in power output when the frequency has changed by 4%, or 2.4Hz on a 60Hz power 

system.  The block diagram for the droop control mode is shown in Figure 49. 
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Figure 49: Droop Control Mode Block Diagram. 

The setpoint 60 Hz is subtracted from Bus_Freq (frequency measured at the point 

of BESS interconnection) to yield the frequency error, FreqErr.  Bus_Freq, FreqErr, and 

PercentR are inputs to the Droop Logic function block, and the output, Droop_Paux, is 

given by equation (26) 

   

(26)               ((
       

  
)       t ⁄ )        

  

where PMax is the power rating of the BESS in MW.  Droop control is one of three 

different types of control strategies evaluated in this thesis.  The mode of operation is 

chosen via the control mode selector described in the next section. 

 CONTROL MODE SELECTOR 3.1.4

One output (Droop_Paux, RR_Paux or MLC_Paux) from the three controllers or 

the sum of two outputs is sent to the PCS as the power command (PCS_Paux) to the PCS, 

based on the Control Mode Selector multiplexer logic shown in Table 19.  If a control 

mode of 0 is used, zeros will be sent to the PCS as the power command signal. The 

control mode can only be set during the initialization of the model.  Only one control 

mode is used per Case Study. 
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Input: Control Mode Output 

0 PCS_Paux = 0 

1 PCS_Paux = MLC_Paux 

2 PCS_Paux = RR_Paux 

3 PCS_Paux = RR_Paux + MLC_Paux 

4 PCS_Paux = Droop_Paux 

Table 19:  Control Mode Selector logic. 

 PCS and Battery Sub-Model 3.2

The PCS and Battery section of the BESS model is shown in Figure 50.  The main 

input is the PCS_Paux signal which is the power command from the Droop controller 

(Control Mode 4), Ramp Rate controller (Control Mode 2) or the Modified Lead 

Compensator (Control Mode 1). The main output of the BESS model is I_inj which is the 

current (A) injected to the microgrid or absorbed from the microgrid by the BESS. 
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Figure 50:  PCS and Battery portion of BESS Model. 

 PCS TIME DELAY 3.2.1

The response time of the PCS is modeled as a simple time delay.  This delay is 

determined by the response time of the PCS.  The delay value is set in milliseconds. 

Figure 51 shows the typical response time of a Li-ion battery energy storage system from 

no discharge/charge (rest) to full charge; the yellow line is the phase to ground voltage 
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and the magenta line is the current. The system has a response time of about 8.3 

milliseconds or about 0.5 cycles (at 60 Hz). 

 

 
Figure 51:  Response time from no discharge/charge (rest) to full discharge in about 

half a 60Hz cycle. 

 

 CBEST MODEL 3.2.2

The EPRI CBEST model was used as part of the user defined model for 

simulations in this study.  This EPRI CBEST model simulates power limitations into and 

out of the battery as well as AC current limitations of the PCS. The model assumes that 

the battery rating is large enough to cover the entire energy demand that occurs during 

the simulation [69].  This model is further described in PSS®E 33.0 Power Operation 

Manual and Program Application Guide [70]. 

The three sections of the CBEST model are the real power, the efficiency, and the 

reactive power sections, as shown in Figure 52.   The real power section models the 
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power rating of the PCS.  The efficiency section models the combined efficiency of the 

PCS and Battery.  This thesis focuses on Response Reserves (frequency regulation) 

which is controlled with real power.  This thesis does not address voltage regulation 

which is controlled with reactive power.  Therefore, the reactive power section is not 

used in this thesis.   

Real Power Section

Reactive Power Section

Efficiency
Section

 
Figure 52:  The real power, the efficiency, and the reactive power section of the 

CBEST model. 
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3.2.2.1 In Range and Coerce Function 

The CBEST model uses the In Range and Coerce function block which is shown 

in Figure 53. The output of the “In Range and Coerce Function” is the coerced or 

unchanged value of the input. If the input is within the range set by the upper limit and 

lower limit inputs, the input value is unchanged.  If the input is greater than the upper 

limit the function coerces the input to the upper limit value. If the input is less than the 

lower limit the function coerces the input to the lower limit value. 

 
Figure 53:  In Range and Coerce function block. 

 

3.2.2.2 Real Power Section of CBEST Model 

The Real power section of the CBEST model is re-shown in Figure 54.  Its inputs 

are PAUX and Pinit, where PAUX is the real power command which has been compensated 

by the response time of the PCS and Pinit is the initial power at the start of the simulation.  

The BESS is modeled with the ability to deliver maximum power out of 10 MW (Pmax 

equal to 10 MW) and with the ability to absorb 10 MW of power in (-Pmax equal to -10 

MW).   

 
Figure 54:  Real power section of CBEST model. 
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3.2.2.3 Reactive Power Section of the CBEST Model 

The Reactive power section of the CBEST model is re-shown in Figure 55, but 

this section of the model is not used in this thesis.  The BESS is modeled to operate at 

unity PF (only deliver and absorb real or active power); therefore IQmax is set to zero.  

Thus Qout will be zero in all of the simulations contained in this thesis.   

 
Figure 55:  Reactive power section of the CBEST model. 

3.2.2.4 Efficiency Section of the CBEST Model 

The Efficiency section of the CBEST model is re-shown in Figure 56. Pout is the 

input which is multiplied by an efficiency parameter that is the combination of both the 

PCS and battery efficiency, and integrated to give energy. The input efficiency (InEff) 

parameter is employed when Pout is negative for the case of power flowing into the 

BESS. The output efficiency (OutEff) parameter is employed when Pout is positive for 

the case of power flowing out of the BESS. 

 

 
Figure 56:  Efficiency section of the CBEST model. 
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 SOC ESTIMATION & CHARGE AND DISCHARGE LIMITING 3.2.3

The batteries are modeled via the charge and discharge curve (described in this 

section), and the efficiency ratings (described in the previous section). The block diagram 

of the SOC Estimation & Charge and Discharge Limiting is shown in Figure 57.  The 

power out is limited based on the charge and discharge limit curves, which are functions 

of SOC.  The discharge and charge limit curves (acceptance curves) that are used are 

shown in Figure 58 and Figure 59.  Charge acceptance is defined as the ability of a 

battery cell to convert the active material to a dischargeable form [71].  All Li-ion 

batteries, regardless of the size, limit the discharge at low values of SOC and limit 

charging at higher values SOC, and use the higher charging rates when the battery is at 

30 to 80 percent state of charge because the battery’s charge acceptance is higher [72]. 
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Figure 57:  SOC Estimation & Charge and Discharge Limiting block diagram. 
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Figure 58:  Discharge curve used in this thesis. 

 

 
Figure 59:  Charge acceptance curve used in this thesis. 

 



 101 

SOC is calculated at the first time step as: 

(  )    ( )          
 

  (             )
∫               
  

  
 

 

where SOCinit is the initial rated SOC, and is calculated at each subsequent time step as: 

 

(  )    (   )     ( )  
 

  (             )
∫               
  

  
 

 

  BESS Model Summary 3.3

 The Control system model coupled with the PCS and Battery sub-model 

complete the BESS model.  The BESS model contained herein was not specifically 

validated against an actual BESS.  However, the model is based on existing accepted 

models, namely EPRI CBEST model (included with PSS®E) and the BESS model in  

Hawai'i Solar Integration Study, Final Technical Report for Maui (User defined model in 

PSS®E) [24] 

The next chapter, Chapter 4, describes the microgrid that is modeled in this thesis, 

along with the thermal generation models and wind generation models that interacted 

with the BESS model just described. 
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CHAPTER 4  
MICROGRID MODELING AND ASSUMPTIONS 

Chapter 4 describes the island of Maui, Hawaii power generation assets and 

microgrid that are used as the basis for this study. The microgrid model is presented in 

Sections 4.1 and 4.2.   Presentations of the thermal generation models, wind generation 

models, and transmission & distribution (T&D) model are described in Sections 4.3, 4.4, 

and 4.5, respectively.  The aggregation of the models into a single microgrid model will 

be referred to as the “Full Model” hereinafter. 

 

 Basis for Microgrid Model 4.1

The remote microgrid used in this study is based on the grid of the island of Maui, 

Hawaii which is owned and operated by the Maui Electric Company (MECO).  The 

model was developed in Siemens Power System Simulation for Engineering (PSS®E) 

based on the models described in Hawai’i Solar Integration Study, Final Technical 

Report for Maui [24]10.  Additionally, inputs to the model were gathered from Maui 

Electrical System Model Development: Data and Assumptions [29], and Maui Electrical 

System Simulation Model Validation [30].  Both reports were developed as part of the 

cooperative agreement between Hawaiian Electric Company and the National Renewable 

                                                 
10 This material is based upon work supported by the United States Department of Energy under 

Cooperative Agreement Number DE-FC-06NT42847.  This report was prepared as an account of work 

sponsored by an agency of the United States Government. Neither the United States Government nor any 

agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes any legal 

liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 

product, or process disclosed, or represents that its use would not infringe privately owned rights.  

Reference here in to any specific commercial product, process, or service by tradename, trademark, 

manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or 

favoring by the United States Government or any agency thereof. The views and opinions of authors 

expressed herein do not necessarily state or reflect those of the United States Government or any agency 

thereof. 
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Energy Laboratory, and made public by the University of Hawaii [24].  The study 

contained in this document uses a remote microgrid shown in Figure 60 with a minimum 

load of 87.3 MW and a maximum load of approximately 201 MW.  The models 

contained in this thesis were developed solely to evaluate the effectiveness of three 

different control strategies used to mitigate frequency fluctuation caused by increased 

levels of wind (as available) generation.   

 

 
Figure 60:  Remote microgrid PSS®E One-line [55]. 

The thermal generation assets of the Maui grid are typical of many remote grids 

that use diesel and oil as the primary sources of fuel.  For example, in the Bahamas, the 

generation statistics show that heavy fuel oil was used to generate 68% of electricity and 

automotive diesel oil was used to generate 32% of electricity produced in 2007 [73].  The 

fuel mix for the generation assets in the Hawaiian Islands for 2011 is in shown in Table 

20 [74]. 
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Fuel 
Sources 

Hawaiian 
Electric 

Company 
(island of Oahu) 

Hawaii Electric 
Light Company 
(island of Hawaii) 

Maui Electric 
Company 

(islands of Maui, 
Molokai and Lanai) 

Hawaiian 
Electric family of 

companies 
(HECO, HELCO, and 

MECO) 

Oil / Diesel 76.342% 63.289% 83.638% 75.708% 

Coal 17.987%  0  1.242% 13.771% 

Biofuel  0.589%  0  1.161%  0.591% 

Biomass  0  0  3.482%  0.434% 

Geothermal  0 19.628%  0  2.322% 

Hydro  0  3.818%  0.496%  0.513% 

Solar  0.003%  0.006%  0.151%  0.022% 

Solid Waste  4.236%  0  0  3.207% 

Wind 0.843% 13.259%  9.830%  3.433% 

TOTAL: 100% 100% 100% 100% 

Table 20: Fuel mix for generation assets in the Hawaiian Islands in 2011 [74]. 

Most often these fuels are used in reciprocating engines, boilers, and, on the larger 

microgrids, combustion turbines.  Most remote microgrids are powered by diesel engine 

generator sets because they are reliable, have a low capital cost, are mature technology, 

and are simple and easy to maintain.  The generation assets for the Maui microgrid model 

are listed in Table 21, and are described in detail in Section 4.3 and Section 4.4, Thermal 

Generation Models and Wind Generation Models, respectively. 
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Generator 

Name 

Type Service 

Date (yr.) 

Name Plate 

Rating (MW) 

K1 Oil Steam plant 1948 5 

K2 Oil Steam plant 1949 5 

K3 Oil Steam plant 1954 11.5 

K4 Oil Steam plant 1966 12.5 

X1, X2 EMD Diesel 1987 2.5 

M1 – M3 EMD Diesel 1971-1972 2.5 

M4 – M7 Cooper Diesel 1973-1975 5.6 

M8 – M9 Colt Diesel 1977-1978 5.6 

M10 – M13 Mitsubishi Diesel 70s and 80s 12.5 

M14 – M16 2 x GE LM2500 CT + Steam plant 1992-1993 58 

M17 – M19 2 x GE LM2500 CT + Steam plant 90s and 00s 58 

MC&S Biomass Steam plant 1989 13 

EWP1 Wind plant, GE 1.5MW Turbines 2006 30 

EWP2 Wind plant, Siemens 3MW Turbines 2012 21 

NWP Wind plant, GE 1.5MW Turbines  21 

Table 21:  Remote Maui microgrid generation assets [24]. 

 

 Grid Model 4.2

This section provides details of the Maui microgrid model that are germane to this 

thesis. The PSS®E-based model again, shown previously in Figure 60, is composed of 

the thermal generation models, wind generation models, transmission & distribution 

(T&D) model, which are described in Sections 4.3, 4.4, and 4.5 respectively, and the 

BESS model of Chapter 3. 
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In PSS®E, the overall model is defined by Areas, Zones and Owners11, and the 

microgrid in this thesis, has only one area, one zone and one owner.  The T&D model is 

defined by Buses, Branches, Transformers, and Loads.  The microgrid model contains 

power plants, namely the main power plant (MPP), the secondary power plant (KPP), an 

independent power producer (IPP) co-generation biomass (MC&S), the first wind plant 

(EWP1), the second wind plant (EWP2), and the proposed new wind plant (NWP).  

 TIME SCALES 4.2.1

In this document transient events are defined as events that occur on a time scale 

of less than one second.  Long term dynamic events are events that are longer in duration 

than transient events, but shorter than production cost modeling events, which are on the 

order of one hour.  The long-term dynamic events assess the impact of system events, 

primarily related to changes in wind power production that rely upon the action of the 

automatic generator control to correct for imbalances between the load and generation 

[24].   

Figure 61 shows the times scales for the various types of events.  This thesis 

assesses the longer-term dynamic events associated with variation of wind power.  The 

model of the BESS used to provide regulation was described in the previous chapter.  The 

following sections describe the thermal generation models that include inertia and 

governor response with time scales as shown in Figure 61.  This thesis does not include 

AGC, or any production cost modeling (economic dispatch or planning). 

 

                                                 
11 The Area Number, Zone Number and Owner Number are all set to value 1 for all busses in the PSS®E 

model  
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Figure 61:  Time scales of various types of events. 

 

 Thermal Plant Models 4.3

MECO employs dispatchable (some time referred to as firm) generation from 

three main thermal power plants: (1) MPP with 15 internal combustion units and 4 

combustion turbines that run on diesel along with two heat recovery units, for a total 

capacity of 200.65 MW; (2) KPP with four steam boilers that run on fuel oil No. 6, for a 

total capacity of 32.33 MW; and (3) IPP which is a single  co-generation biomass plant 

(MC&S) that provides a scheduled 12 MW during on-peak hours and 8 MW during off-

peak hours. These are the main thermal power plants on the MECO system [23]. 

 THERMAL GENERATION PLANT 1: MPP  4.3.1

MPP contains 15 internal combustion engine (ICE) generators, units M1 through 

M13 and X1 and X2.  These reciprocating diesel engine generators use distillate No. 2 

diesel as fuel.  In addition the MPP has combustion turbines in combined cycle with 

steam turbines. The MPP combustion turbines (M14, M16, M17, and M19) are 

manufactured by General Electric, type LM2500. These units can be operated in 

combined cycle mode, whereby the heat in the turbine’s exhaust gas is used to generate 

steam for a steam turbine (HRSG), or they can be operated in simple cycle mode, with no 

waste heat recovery. MPP uses two combustion turbines (CT) feeding heat to one HRSG, 

which is referred to as the dual-train combined cycle mode. M14 (CT), M15 (HRSG), 
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M16 (CT) were modeled as operating in dual-train combined cycle mode.  When a single 

CT’s exhaust gas is used to generate steam for the HRSG, it is referred to as single-train 

combined cycle mode.  M17 (CT) and M18 (HRSG) were modeled as operating in 

single-train combined cycle.  M19 (CT) was modeled as operating in simple cycle mode.  

The MPP thermal units’ fuel type, maximum and minimum operating points are given in 

Table 22.  All MPP units were modeled to have maximum reactive power limits to meet a 

power factor of 0.85 at full load and a minimum reactive power limit of zero. 
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UNIT FUEL TYPE  UNIT TYPE  

Max. 

Operating 

Point (MW) 

Min. 

Operating 

Point (MW) 

Reactive 

Power Limit  

X1  No. 2 Diesel  ICE  2.5 2.5 1.875 

X2  No. 2 Diesel  ICE  2.5 2.5 1.875 

M1  No. 2 Diesel  ICE  2.5 2.5 1.875 

M2  No. 2 Diesel  ICE  2.5 2.5 1.875 

M3  No. 2 Diesel  ICE  2.5 2.5 1.875 

M4  No. 2 Diesel  ICE  5.6 2 4.2 

M5  No. 2 Diesel  ICE  5.6 2 4.2 

M6  No. 2 Diesel  ICE  5.6 2 4.2 

M7  No. 2 Diesel  ICE  5.6 2 4.2 

M8  No. 2 Diesel  ICE  5.6 2 4.2 

M9  No. 2 Diesel  ICE  5.6 2 4.2 

M10  No. 2 Diesel  ICE  12.5 5 9.375 

M11  No. 2 Diesel  ICE  12.5 5 9.375 

M12  No. 2 Diesel  ICE  12.5 5 9.375 

M13  No. 2 Diesel  ICE  12.5 5 9.375 

M14  No. 2 Diesel  CT  

58 

12.5   

M15  Exhaust Gas  Steam Turbine  11 43.55 

M16  No. 2 Diesel  CT  12.5   

M17  No. 2 Diesel  CT  

30 

14   

M18  Exhaust Gas  Steam Turbine  3 43.55 

M19  No. 2 Diesel  CT  28 14   

Table 22:  MPP thermal generating units. 

 THERMAL GENERATION PLANT 2: KPP 4.3.2

KPP consists of four boiler steam turbine generator sets. All four units are 

monitored and operated from one control room.  These units use residual No. 6 fuel oil 
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for combustion in the boilers.  The KPP thermal units’ fuel type and maximum and 

minimum operating points are given in Table 23.  All KPP units were modeled to have 

maximum reactive power limits to meet a power factor of 0.85 at full load and a 

minimum reactive power limit of zero. 

 

UNIT 

FUEL 

TYPE  UNIT TYPE  

Max. 

Operating 

Point (MW) 

Min. 

Operating 

Point (MW) 

Reactive 

Power Limit  

K1  
No. 6 Fuel 

Oil 

Boiler/Steam 

Turbine 
5 2.5 .85PF 

K2  
No. 6 Fuel 

Oil 

Boiler/Steam 

Turbine 
5 2.5 .85PF 

K3  
No. 6 Fuel 

Oil 

Boiler/Steam 

Turbine 
11.5 7.5 .85PF 

K4  
No. 6 Fuel 

Oil 

Boiler/Steam 

Turbine 
12.5 7.5 .85PF 

Table 23:  KPP thermal generating units. 

 THERMAL GENERATION PLANT 2: IPP 4.3.3

The only thermal generation that is part of the IPP is the MC&S plant that has a 

single boiler steam turbine generator set.  This unit uses biomass (bagasse, the cane stalk 

fiber that remains after the sugar is extracted from sugarcane) for combustion in the 

boiler.  The IPP thermal unit’s fuel type and maximum and minimum operating points are 

given in Table 24.  The IPP unit (MC&S) was modeled only to provide real (active 

power). 

 

UNIT 

FUEL 

TYPE  UNIT TYPE  

Max. Operating 

Point (MW) 

Min. Operating 

Point (MW) 

MC&S Biomass 
Boiler/Steam 

Turbine 
 

13 8 

Table 24:  IPP thermal generating unit. 
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 THERMAL GENERATOR MODELS 4.3.4

Thermal Generators have several classes of models assigned to them: Machine 

Models, Excitation System Models, and Governor Models.  The machine models 

represent the alternator (synchronous machine).  The Excitation System Models represent 

the automatic voltage regulator and may include voltage transducer and load 

compensator, excitation control elements, exciter, and a power system stabilizer.  The 

Governor Model represents both a turbine (or engine) and its governor. The following 

sections present the Machine Models, Exciter Models, and Governor Models used in this 

thesis.  The parameters used to define the thermal generator models described in this 

section can be found in [24], [29], and [30]. 

4.3.4.1 Machine Models 

Three machine models are provided with PSS®E: classical generator, round rotor 

generator, and salient pole generator models.  The three models, including the various 

versions of each model are shown in Table 25. 

 

Name Description 

GENCLS Classical generator model 

GENDCO Round rotor generator model with dc offset torque component 

GENROE Round rotor generator model (exponential saturation) 

GENROU Round rotor generator model (quadratic saturation) 

GENSAE 

Salient pole generator model (exponential saturation on both 

axes) 

GENSAL Salient pole generator model (quadratic saturation on d-axis) 

Table 25:  PSS®E Machine Models. 

  GENROU is the generator model used by HECO and MECO, as noted in the 

Oahu Wind Integration Study [35], and is used for all units listed in Table 22-24.  The 
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GENROU model is the PSS®E Round Rotor Generator Model with Quadratic Saturation, 

as shown in Figure 62.   

. 

 
Figure 62:  GENROU generator/machine model used for all thermal units in this 

thesis [70]. 

The inputs and outputs of the GENROU model are given in Table 26.  The block 

diagram for the GENROU model is given in Figure 63. 

 

Signal Description 

PMECH Mechanical Power as an input from Governor Model 

EFD Field voltage as an input from the Exciter Model 

VT 

Is the voltage at the bus as input from grid/network 

model 

SPEED Rotor speed, given as deviation from nominal speed 

ISOURSE Is the source current inject into the grid/network 

ETERM Voltage applied to the terminals of the generator 

ANGLE Power angle (torque angle) of synchronous machine 

Table 26:  Inputs and outputs of the GENROU model. 
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Figure 63:  Machine Model GENROU block diagram [70]. 

The required constant parameters for the GENROU model in PSS®E are given in 

Table 27. 
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Constant Description 

Tpdo  D-axis transient rotor time constant 

Tppdo D-axis subtransient rotor time constant 

Tpqo Q-axis transient rotor time constant 

Tppqo Q-axis subtransient rotor time constant 

H Inertia constant, sec 

D Damping factor, pu 

Ld D-axis synchronous reactance 

Lq  Q-axis synchronous reactance 

Lpd D-axis transient reactance 

Lpq  Q-axis transient reactance 

Lppd D-axis subtransient reactance 

Ll Stator leakage reactance, pu 

S1 Saturation factor at 1 pu flux 

S12 Saturation factor at 1.2 pu flux 

Ra Stator resistance, pu 

Rcomp Compounding resistance voltage control, pu 

Xcomp Compounding reactance voltage control, pu 

Table 27:  Constants used in GENROU model. 

4.3.4.2 Governor and Excitation Models 

Table 28 shows the governor and excitation system models used for the various 

types of thermal generating units used in the grid model contained herein.  The models 

and model parameters where chosen based on the Maui Electrical System Model 

Development: Data and Assumptions Report. 

 

Unit Prime Mover Governor Model Used Exciter Model Used 

Reciprocating Engine TGOV1 EXDC2_PTI 

Steam Turbine IEEEG1 IEEEX1 

Combustion Turbine GGOV1 EXAC1 

Table 28:  Governor and AVR models used in this thesis. 
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 Reciprocating Engine Governor and Excitation Models 4.3.4.2.1

The TGOV1 model and control block diagram are shown in Figure 64 and Figure 

65, respectively.  The TGOV1 model is used as the governor model for the entire fleet of 

reciprocating engines that are modeled (X1, X2, and M1-M13) in this thesis.  The 

TGOV1 model is most often employed as a steam turbine governor model; however it is 

used by MECO as the governor model for their reciprocating diesel engine generator sets, 

per the Maui Electrical System Model Development: Data and Assumptions Report. 

 
Figure 64:  TGOV1 governor model used for all reciprocating engines modeled in this 

thesis [70]. 

The main input to the TGOV1 governor model is SPEED (Rotor speed, given as 

deviation from nominal speed) from the machine model.  The main output of the TGOV1 

governor model is PMECH (Mechanical Power) which is sent to the machine model. PREF 

is the governor control setpoint determined during initialization. 
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Figure 65:  TGOV1 governor model block diagram [70]. 

An explanation of the parameters required for the use of the TGOV1 governor 

model in PSS®E can be found in Table 29. 

 

Constant Description 

R Droop 

T1 (>0) (sec) Fuel Valve Time constant, sec. 

VMAX Maximum valve opening, p.u. of mwcap.  

VMIN Minimum valve opening, p.u. of mwcap. 

T2 (sec) Power time constant, sec.  

T3 (>0) (sec) Reheat/exhaust temp. time constant, sec.  

Dt Speed Damping 

Table 29:  Constants used in TGOV1 model. 

EXDC2 excitation system model and block diagram are shown in Figure 66 and 

Figure 67, respectively. This excitation system model is used for the entire fleet 

generators with reciprocating engines as the prime movers that are modeled (X1, X2, and 

M1-M13) in this thesis.  
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Figure 66:  EXDC2 excitation system model used for the all the generators with 

reciprocating engines modeled in this thesis [70]. 

Descriptions of the inputs and output of the EXDC2 model are given in Table 30.  

The output from the exciter model is the field voltage (EFD) which is sent to the machine 

model.  Adjusting the field voltage changes the field current and thus the terminal 

voltage. The VS signal, as shown in Figure 67, is the sum of VOTHSG, VUEL, and 

VOEL.  VOTHSG is the output from an optional Power System Stabilizer (PSS), 

(sometimes referred to as supplementary excitation control) model; the thermal 

generators in this thesis do not use PSS models.   

 

Signal Description 

ECOMP 

Compensated voltage, Vc or Ec, set as the generator 

terminal voltage 

ETERM Generator Terminal Voltage, Vt. 

VOTHSG Stabilizer output signal 

VUEL Under excitation limit 

VOEL Over excitation limit 

EFD Field voltage.  

VREF 

Exciter Control Setpoint determined during 

initialization 

Table 30:  Inputs and Output of EXDC2 model. 
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Figure 67:  EXDC2 Excitation system model block diagram [70]. 

An explanation of the parameters required for the use of the EXDC2 exciter 

model in PSS®E can be found Table 31. 

 

Constant Description 

TR Voltage transducer time constant, sec 

KA Voltage Regulator Proportional Gain 

TA Voltage Regulator time constant, sec. 

TB Lag time constant, sec. 

TC Lead time constant, sec. 

VRMAX Maximum controller output, p.u. 

VRMIN Minimum controller output, p.u. 

KE Exciter field proportional constant 

TE Exciter field time constant, sec. (> 0.) 

KF Rate feedback gain 

TF1 Rate feedback time constant, sec 

Table 31: Constants used in EXDC2 model. 

 Steam Turbine Governor and Excitation Models 4.3.4.2.2

The IEEEG1 governor model and block diagram are shown in Figure 68 and 

Figure 69.  The IEEEG1 governor is used as the governor model for all steam turbines on 

the microgrid, namely K1-K1, MC&S, and the two HRSG units (M15 and M18).   
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Figure 68:  IEEEG1 model governor is used as the governor model for all of the steam 

turbines in this thesis [70]. 

The main input to the IEEEG1 governor model is SPEEDHP (rotor speed, given as 

deviation from nominal speed) from the machine model.  The main outputs of IEEEG1 

governor model are PMECHHP (High Pressure Mechanical Power) and PMECHLP (Low 

Pressure Mechanical Power) which are summed then sent to the machine model.  

 

 
Figure 69:  IEEEG1 governor model block diagram [70]. 

P0 is the governor control setpoint determined during initialization, shown in 

Figure 69.  An explanation of the constants required for the use of the IEEEG1 governor 

model in PSS®E can be found in Table 32. 
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Constant Description 

MWCap  Maximum turbine output (MW)  

K  Governor gain (reciprocal of droop), p.u.  

T1  Governor lag time constant, sec.  

T2  Governor lead time constant, sec.  

T3  Valve positioner time constant, sec.  

Uo  Maximum valve opening velocity, p.u./sec.  

Uc  Maximum valve closing velocity, p.u./sec. (< 0)  

Pmax  Maximum valve opening, p.u. of mwcap.  

Pmin  Minimum valve opening, p.u. of mwcap.  

T4  Inlet piping/steam bowl time constant, sec.  

K1  Fraction of hp shaft power after first boiler pass  

K2  Fraction of lp shaft power after first boiler pass  

T5  Time constant of re-heater second boiler pass, sec  

K3  Fraction of hp shaft power after second boiler pass  

K4  Fraction of lp shaft power after second boiler pass  

T6  Time constant of crossover or third boiler pass, sec.  

K5  Fraction of hp shaft power after third boiler pass  

K6  Fraction of lp shaft power after third boiler pass  

T7  Time constant of double reheat fourth boiler pass, sec  

K7  Fraction of hp shaft power after fourth boiler pass  

K8  Fraction of lp shaft power after fourth boiler pass  

Table 32:  Constants used in the IEEEG1 model. 

IEEEX1 excitation system model and its block diagram are shown in Figure 70 

and Figure 71. This excitation system model is used for all steam turbines on the 

microgrid, namely K1-K1, MC&S, and the two HRSG units (M15 and M18). 
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Figure 70:  IEEEX1 excitation system model used for all the steam turbines in this 

thesis [70]. 

The inputs and outputs of the IEEEX1 excitation system model are given in Table 

33. 

 

Signal Description 

ECOMP 

(Ec) 

Compensated voltage, set as the generator terminal 

voltage 

VOTHSG Stabilizer output signal 

VUEL Under excitation limit 

VOEL Over excitation limit 

EFD 

Field voltage. Adjusting the field voltage changes the 

field current and thus the terminal voltage.  Output to 

machine model 

VREF 

Exciter Control Setpoint determined during 

initialization 

Table 33:  Inputs and Output of IEEEX1 model. 

 
Figure 71:  IEEEX1 excitation system model block diagram [70]. 
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An explanation of the constants required for the use of IEEEX1 excitation system 

model in PSS®E can be found in Table 34. 

 

Constant Description 

TR Voltage transducer time constant, sec 

KA Voltage Regulator Proportional Gain 

TA Voltage Regulator time constant, sec. 

TB Lag time constant, sec. 

TC Lead time constant, sec. 

VRMAX Maximum controller output, p.u. 

VRMIN Minimum controller output, p.u. 

KE Exciter field proportional constant 

TE Exciter field time constant, sec. (> 0.) 

KF Rate feedback gain 

TF1 Rate feedback time constant, sec 

Table 34:  Constants used in IEEEX1model. 

 Combustion Turbine Governor and Excitation Models 4.3.4.2.3

The GGOV1 governor model and its associated block diagram are shown in 

Figure 72 and Figure 73, respectively.  The GGOV1 governor is used as the governor 

model for the four GE LM2500 combustion turbines on the microgrid, namely M14, 

M16, M17, and M19.  
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Figure 72:  GGOV1 governor is used as the governor model for the four GE LM2500 

combustion turbines in this thesis [70]. 

The main input to the GGOV1 governor model is SPEED (rotor speed, given as 

deviation from nominal speed) from the machine model.  The main output of TGOV1 

governor model is PMECH (Mechanical Power) which is sent to the machine model. 

 

 
Figure 73:  GGOV1 governor control block diagram [70]. 
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An explanation of the parameters for the GGOV1 governor model can be found in 

Table 35. 

 

Constant Description 

Dm  Mechanical damping coefficient, pu  

r Droop 

Rselect Selector signal for speed governor 

Tpelect Electrical power transducer time constant, sec. 

maxerr Maximum acceptable speed deviation 

Kpgov Speed governor gain 

Kigov Integral gain of speed governor 

Kdgov Derivative gain of speed governor 

Tdgov Governor derivative controller time constant, sec. 

Vmax Maximum valve position limit 

Vmin Minimum valve position limit 

Tact Actuator time constant 

Kturb Turbine gain 

Wfnl No load fuel flow, p.u. 

Tb Turbine Lead time, sec. 

Tc Turbine Lag time, sec. 

flag Selector for fuel system 

Teng Transport lag time constant for diesel engine, sec. 

Tfload Load limiter time constant, sec. 

Kpload Load limiter proportional gain for PI controller 

Kiload Load limiter integral gain for PI controller 

Ldref Load limiter reference value 

Ropen Max valve opening rate, p.u./sec. 

Rclose Min valve opening rate, p.u./sec. 

Kimw Power controller (reset) gain 
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Constant Description 

aset Maximum acceptable shaft’s acceleration 

Ka Acceleration limiter gain 

Ta Acceleration limiter time constant, sec. 

db Speed governor dead band 

Tsa Temperature detection lead time constant, sec. 

Tsb Temperature detection lag time constant, sec. 

Table 35:  Constants used in the GGOV1 model. 

IEEEX3 excitation system model and its block diagram are shown in Figure 74 

and Figure 75, respectively. This excitation system model is used for all four of the GE 

LM2500 combustion turbines on the microgrid, namely M14, M16, M17, and M19.  

 
Figure 74:   IEEEX3 excitation system model is used for all four of the GE LM2500 

combustion turbines in this thesis [70]. 

The inputs and outputs of the IEEEX3 excitation system model are given in Table 

36.   
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Signal Description 

ECOMP 

Compensated voltage, Vc, set as the generator 

terminal voltage 

ETERM Generator Terminal Voltage, Vt. 

ITERM Generator Terminal Current 

XADIFD 

Real Component of ITERM or the Field Current 

multiplied by Xad, direct-axis armature reaction 

reactance 

VOTHSG Stabilizer output signal 

VUEL Under excitation limit 

VOEL Over excitation limit 

EFD 

Field voltage. Adjusting the field voltage changes the 

field current and thus the terminal voltage.  Output to 

machine model 

VREF 

Exciter Control Setpoint determined during 

initialization 

Table 36:  Inputs and Outputs of the IEEEX3 model. 

IEEEX3 differs from IEEEX1 in that it uses internal quantities within the 

generator (which are expressed as phasor combinations of generator terminal voltage, ṼT 

and current, ĪT) to form the source of excitation power.  VB is the available exciter voltage 

and VBMAX, is the maximum exciter voltage.  Ifd is the Field Current and Lad is the direct-

axis armature reaction inductance. 
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Figure 75:  IEEEX3 excitation system model block diagram [70]. 

An explanation of the constants for the IEEEX3 excitation system model can be 

found in Table 37. 

 

Constant Description 

TR Voltage transducer time constant, sec 

KA Voltage Regulator Proportional Gain 

TA Voltage Regulator time constant, sec. 

TB Lag time constant, sec. 

TC Lead time constant, sec. 

VRMAX Maximum controller output, p.u. 

VRMIN Minimum controller output, p.u. 

KE Exciter field proportional constant 

TE Exciter field time constant, sec. (> 0.) 

KP Voltage gain coefficient 

KI Current Gain coefficient 

VBMAX Maximum Exciter voltage, p.u. 

Table 37:  Constants used in IEEEX3 model. 
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 DROOP RESPONSE FOR THERMAL UNITS 4.3.5

Droop response is the common behavior in generator governors equipped with a 

speed-droop or regulation characteristic [13]. As was described in the BESS droop 

control, droop response in a governor is characterized as a proportional controller with a 

gain of 1/R. For thermal generators R is typical defined by equation (29). 

 

(29)           (
       

  
)      

where     is steady-state speed at no load,     is steady-state speed at full load, and    

is the nominal or rated speed of the generator. A list of all generation units is shown in 

Table 38, with the units providing droop response noted in the table as regulating units.  

All units providing regulation have their governors set with a 4% droop response. 
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UNIT FUEL TYPE  UNIT TYPE  

Regulating  

Unit 

MODE OF 

OPERATION  

RAMP 

RATES 

(GROSS 

MW/MIN)  

X1  No. 2 Diesel  Recip. No  Peaking  0 

X2  No. 2 Diesel  Recip. No  Peaking  0 

M1  No. 2 Diesel  Recip. No  Peaking  0 

M2  No. 2 Diesel  Recip. No  Peaking  0 

M3  No. 2 Diesel  Recip. No  Peaking  0 

M4  No. 2 Diesel  Recip. Yes  Cycling  1 

M5  No. 2 Diesel  Recip. Yes  Cycling  1 

M6  No. 2 Diesel  Recip. Yes  Cycling  1 

M7  No. 2 Diesel  Recip. Yes  Cycling  1 

M8  No. 2 Diesel  Recip. Yes  Cycling  1 

M9  No. 2 Diesel  Recip. Yes  Cycling  1 

M10  No. 2 Diesel  Recip. Yes  Cycling  1 

M11  No. 2 Diesel  Recip. Yes  Cycling  1 

M12  No. 2 Diesel  Recip. Yes  Cycling  1 

M13  No. 2 Diesel  Recip. Yes  Cycling  1 

M14  No. 2 Diesel  CT  Yes  Cycling  2 

M15  Exhaust Gas  Steam Turbine  No  Cycling  1 

M16  No. 2 Diesel  CT  Yes  Cycling  2 

M17  No. 2 Diesel  CT  Yes  Cycling  2 

M18  Exhaust Gas  Steam Turbine  No  Cycling  0.5 

M19  No. 2 Diesel  CT  Yes  Cycling  2 

K1  
No. 6 Fuel 

Oil 

Boiler/Steam 

Turbine 
Yes  Cycling  0.1 

K2  
No. 6 Fuel 

Oil 

Boiler/Steam 

Turbine 
Yes  Cycling  0.1 

K3  
No. 6 Fuel 

Oil 

Boiler/Steam 

Turbine 
Yes  Baseload  0.1 

K4  
No. 6 Fuel 

Oil 

Boiler/Steam 

Turbine 
Yes  Baseload  0.1 

HC&S Biomass 
Boiler/Steam 

Turbine 
No  Baseload 0 

NWP Wind WTG No  As Available 0 

EWP1 Wind WTG No  As Available 0 

EWP2 Wind WTG No  As Available 0 

Table 38: Mode of operation of generation units included in the model. 

Due to environmental requirements, MECO generally does not allow the 

combustion turbines (CTs) to regulate over their entire operating range. MECO typically 

allows the CTs to regulate in approximately 24.66 – 18.49 MW or 18.49 – 12.33 MW 
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depending on the load and the unit.  These environmental constraints were not included 

in the governor model. 

 

 Wind Plant Models 4.4

There are three wind plants modeled in this thesis, and an overview of the plants is 

given in Table 39.  The method used to model the wind plants in this thesis is called the 

single machine equivalent method.  For a model of a wind plant consisting of n WTGs, a 

single generator and transformer with apparent power (MVA) ratings equal to n times the 

individual device ratings gives a reasonable equivalent for system studies [75]. 

 

 
Table 39:  Overview of wind plants modeled in this thesis. 

In PSS®E the user is responsible for aggregating the actual wind turbines into 

equivalent machines. For n lumped machines, the output of the equivalent machine 

cannot exceed n times the rated output of the individual units. 

 EWP1 WIND PLANT 4.4.1

The EWP1 wind plant has 20 GE 1.5se WTGs.  The 1.5se WTG uses a doubly fed 

asynchronous-induction generator with a 3-speed gear box to produce a maximum power 

of 1.5 MW (at rated wind speed, 12.0 m/s).  Thus the total EWP1 real power (PEWP1) is 

the real power from each individual WTG times the total number of WTGs at the plant, 

which totals 30.0MW.  The wind speed input model for the WTG models at EWP1 is the 

same as the wind speed input used at NWP since the two plants are geographically 

Plant Name

WTG 

Manufacturer Model

Maximum WTG 

Power (MW) No. WTG

Maximum Plant 

Power (MW)

EWP1 GE Energy 1.5se 1.5 20 30.0

EWP2 Siemens SWT-3.0-101 3 7 21.0

NWP GE Energy 1.5se 1.5 14 21.0
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collocated.  However, electrically speaking, NWP and EWP1 have different points of 

common coupling. 

 EWP2 WIND PLANT 4.4.2

The EWP2 wind plant has 7 Siemens SWT-3.0-101 WTGs12.  The SWT-3.0-101 

WTG uses a directly driven (no gearbox) synchronous generator with permanent magnet 

excitation to produce a maximum power of 3.0 MW (at rated wind speed 14.5 m/s).  Thus 

the total EWP2 power (PEWP2) is 21.0 MW.  

 NWP WIND PLANT 4.4.3

The NWP wind plant has 14 GE 1.5se WTGs, which is the same WTG 

technology used at EWP1.  The total NWP wind plant power (PNWP) is 21.0 MW.  

 WIND TURBINE GENERATOR MODELS 4.4.4

4.4.4.1 Wind Turbine Types 

Almost all of the wind turbines deployed in large wind generation facilities in the 

U.S. over the past decades can be generally described by one of the four following 

configurations [76]: 

1. Direct-Connected Induction (Asynchronous) Generator (Type I) 

2. Wound-Rotor Induction Generator with External Resistance Control (Type II) 

3. Doubly-fed Asynchronous Generator – DFAG (Type III) 

4. Variable Speed Turbine with Full-Rated Power Converter (Type IV) 

An overview of the four distinct types with their classification is based on the type 

of generator and grid interface shown in Figure 76.  Each WTG type requires a different 

                                                 
12 The actual site has 8 WTG, but is only allowed to sell 21MW (or the maximum output of 7 WTG), 

therefore seven WTGs are used in this thesis. 
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model structure because the dynamic characteristics of each type are fundamentally 

different. 

 

 
Figure 76:  Classification of WTGs Based on Generator Topology and Grid Interface 

[77]. 

4.4.4.2 Available PSS®E Models 

PSS®E has self-extracting files for most widely used vendor specific models of 

Acciona, Enercon, and GE wind turbines. The WT3 and WT4 user written generic model 

can be directly downloaded from the Siemens Power Technologies International (PTI) 

website and is shown in Figure 77.   
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Figure 77:  PSS®E Wind Turbine Packages. 

The GE 1.5se is a Type III turbine and is modeled using PSSE_GEWT_W600 

(GEWT) vendor specific model.  The Siemens SWT-3.0-101 is a Type IV turbine and is 

modeled as the Siemens WT4 model which is a generic model. All vendor specific and 

generic models are provided from PTI in the format of user written (defined) models. 

The term generic model refers to non-proprietary dynamic models that can be 

used to represent WTGs with similar physical and control topology, regardless of the 

manufacturer. Recognizing the need for generic WTG models, Western Electricity 

Coordinating Council (WECC) through its Wind Generation Modeling Group (WGMG) 

has led a comprehensive effort to develop generic positive-sequence WTG dynamic 

models suitable for grid planning studies [78]. 
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 These models have now been implemented and validated in the two most widely 

used commercial transient stability simulation programs, Siemens’ Power System 

Simulation for Engineering (PSS®E) and GE’s Positive Sequence Load Flow (PSLF). 

The generic WTG models are being updated by WGMG and Utility Variable Generation 

Integration Group13 (UVIG) and/or superseded by more up-to-date models as additional 

information becomes available [76]. 

There are generic models of all four types (I, II, III and IV) of WTGs available for 

use with PSS®E.  Each model Type is comprised of sub-models; Table 40 shows the 

models and their respective sub-model.   

 

Type I Type II Type III Type IV 

WT1G 
Generator 

model 

WT2G 
Generator model 

(induction 

generator with 

external rotor 

resistance) 

WT3G 
Generator/converter 

model (doubly-fed) 

WT4G 
Generator/Converter 

model. 

-- WT2E 
Rotor resistance 

control model 

WT3E 
Electrical control 

WT4E 
Electrical control 

WT12T 

Two-Mass 

turbine model 

(for Type I and 

Type II) 

WT12T 

Two-Mass turbine 

model (for Type I 

and Type II) 

WT3T 
Mechanical system 

model 

-- 

-- -- WT3P 
Pitch control model 

-- 

WT12A  
Pseudo-

Governor model 

(for Type I and 

Type II) 

WT12A  
Pseudo-Governor 

model (for Type I 

and Type II) 

-- -- 

Table 40:  Generic wind turbine models in PSSE. 

                                                 
13 Formerly the Utility Wind Integration Group (UWIG) 
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  The following two sections describe in detail the two distinct WTG models that 

are used in this thesis: the GE vendor specific model for the Type III machine (hereto 

“GEWT Model”) which is used at EWP1 and NWP, and the Type IV model which is 

used at EWP2. 

4.4.4.3 GEWT Model 

Modeling GE WTGs with conventional dynamic models for either synchronous or 

induction machines is, at best, highly approximate and should be avoided per the 

manufactures recommendation.  The vendor specific model from the PTI website was 

used to model the GE 1.5se WTG.  This model is a Type III model and is used for 

Doubly Fed Asynchronous-induction Generator (DFAG) WTG.  A simple schematic 

representing the GE 15.se (DFAG) WTG is shown in Figure 78. 

 

 
Figure 78:  Major Components of GE DFAG WTG [75]. © 2012 IEEE 

In practice, the DFAG electrical behavior of the generator and converter is that of 

a current-regulated voltage source inverter. The GE converter will make the WTG behave 
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like a voltage behind a reactance that results in the desired active and reactive current 

being delivered to the device terminals [75].  

Figure 79 shows the GE 1.5se WTG model block diagram consisting of three sub-

models: Electrical Control Model, Generator/Converter Model and Turbine & Turbine 

Control Model.  The Generator and Converter models include the ride through controls 

and grid interface.  The Electrical Control model includes closed loop voltage and 

reactive power controls as well as current limits.  The Turbine and Turbine Controls 

model includes the blade pitch and torque controls, as well as optional features for active 

power control and WindINERTIA
TM 

[75].   

For this thesis the optional user-defined Wind Profile Model, shown in Figure 79 

and described in Section 4.4.5, was developed to emulate wind disturbances such as gusts 

and ramps by varying input wind speed to the wind power module which determines 

mechanical power. This is done by inputting wind speed time sequences derived from 

field measurements or other sources [75].   
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Figure 79:  GE WTG Model block diagram [75]. 

Descriptions of the signals from the GE WTG Model are given in Table 41.  The 

wind plant model presented in this thesis is based on presently available design 

information. It was developed specifically for the GE WTGs, and has been validated 

against installed and operating equipment as described in Validation of GE Wind Plant 

Models for System Planning Simulations [75]. 
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Signal Description 

VREGBUS Bus on which to perform voltage regulation 

VTERM 

Generator Terminal Voltage, VTERM, a complex 

value on the grid frame with magnitude and angle 

IP Real current command 

IQ 

Voltage (flux) Command / reactive current command 

as input to Converter Model 

PELEC Electric Power 

PGEN Real Power injected to the grid based on ISORC 

QGEN Reactive Power injected to the grid based on ISORC 

ISORC 

Generator Terminal Current injected  into grid, a 

complex value on the grid frame with magnitude and 

angle 

fterm Frequency as measured at the terminal of generator 

Power 

Order 

Power order sent to the electrical control model, 

requesting that the converter deliver power to the grid. 

Wind Speed Wind speed as input from user-written model 

Table 41:  Description of the signals from the GE WTG Model. 

Presently the vendor specific GE models are available for its Type III and Type 

IV turbines.  This thesis employs the type III DFAG model with the ratings given in 

Table 42.  It is expected that these model components will continue to evolve, in terms of 

parameter values and structure, as experience and additional test data are obtained [75]. 

 

Parameter Value Units 

GE Model 1.5 - 

Generator Rating 1.67 MVA 

Pmax 1.5 MW 

Pmin 0.07 MW 

Qmax 0.726 MVAR 

Qmin -0.726 MVAR 

Nominal Terminal 

Voltage 

575 Volts 

Table 42:  Parameters for GE WTG model. 



 139 

4.4.4.4 Siemens WT4 Model 

The Siemens SWT-3.0-101 wind turbine generator is modeled in PSS®E using 

the WT4 WECC generic wind turbine dynamic stability model which was developed to 

simulate performance of a wind turbine employing a generator connected to the grid via a 

full power converter (Type 4) [79]. A simple schematic representing the full converter 

WTG is shown in Figure 80. 

 
Figure 80:  Major Components of full converter wind turbine generator. 

The Type IV TWG is referred to as a “full converter model”.  The WTG active 

and reactive power output (functions of ISORC and VTERM) from the generator 

(machine) is completely decoupled from the microgrid using an AC-DC-AC converter 

(rectifier and inverter).  This decoupling allows considerable freedom in selecting what 

type of electric machine is used.  The machine could be a conventional synchronous 

generator, permanent magnet synchronous generator, or squirrel cage induction machine.  

In the case of the SWT-3.0-101, the WTG modeled in this thesis, Siemens Wind Power 

uses a permanent synchronous generator [79]. 

Figure 81 shows the block diagram of WT4 generic WTG model for the Siemens 

SWT-3.0-101.  The WT4 model includes two sub-models: the Electrical Control Model 
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(WT4E) and the Generator and Converter combination model.  The two sub-models are 

further described in the following sections.  

 
Figure 81:  Block Diagram of generic WT4 model [79]. 

 

4.4.4.4.1 Electrical Control Model (WT4E) 

WT4E model contains the real and reactive control models.  The block diagram 

for the WT4E model is shown in Figure 82.  The overall structure of the controller is 

somewhat similar to the Type III WTG reactive power control model but it includes logic 

to determine the current limits. The objective of these limits is to prevent the combination 

of the real and reactive currents from exceeding converter capability. Depending upon the 

value of a user-specified P-Q priority flag (PQFLG), either real or reactive power has 

priority. 
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Figure 82:  Block diagram for the WT4E model [79]. 

In a Type IV model there is no electrical coupling with the turbine dynamics.  The 

converter is represented as a voltage source converter, similar to Type III, but with real 

current, IP (WIPCMD) and reactive current IQ (WIQCMD) as direct control variables and 

without effective reactance. 

The input and output for the WT4E generator model for the Type IV WTG are 

given in Table 43. 
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Signal Description 

WIQCMD Reactive Current Command sent to Generator Model 

(WT4G) 

WIPCMD Real Current Command sent to Generator Model 

(WT4G) 

ETERM Generator Terminal Voltage, ETERM, a complex value 

on the grid frame with magnitude and angle 

PELEC Electric Real Power 

QELEC Electric Reactive Power 

L Remote bus ref voltage 

L+1 Q reference if PFAFLG=0 & VARFLG=0 

L+2 PFangle reference if PFAFLG=1 

L+3 Power reference 

Table 43:  Input and Output signals for WTE model. 

The WT4 generic model includes the special entry for Siemens 2.3 MW wind 

turbine.  It was parameterized jointly by Siemens PTI and Siemens Wind Power.  This 

predefined entry was used but modified for the real, reactive, and apparent power ratings 

of the 3.0 MW WTG as shown in Table 44.  

 

Parameter Value Units 

Siemens Model 3.0 - 

Generator Rating 1.67 MVA 

Pmax 3.0 MW 

Pmin 0.00 MW 

Qmax 0.00 MVAR 

Qmin 0.00 MVAR 

Nominal Terminal 

Voltage 

690 Volts 

Table 44:  SWT-3.0-101 WTG ratings. 

The full list of parameters for the Electrical Control (WT4E) model for the Type 

IV WTG is given in Table 45. 
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Parameter Description 

Tfv Filter time constant in voltage regulator (sec) 

KPV Proportional gain in Voltage regulator(pu) 

KIV Integrator gain in Voltage regulator (pu) 

Kpp 
Proportional gain in Active Power 

regulator(pu) 

KIP Integrator gain in Active Power regulator (pu) 

Kf Rate feedback gain (pu) 

Tf Rate feedback time constant (sec.) 

QMX Max limit in Voltage regulator (pu) 

QMN Min limit in Voltage regulator (pu) 

IPmax Max active/real current limit 

IQmin Min reactive current limit 

IQmax Max reactive current limit 

TRV Voltage sensor time constant 

dPMX Max limit in power PI controller (pu) 

dPMN Min limit in power PI controller (pu) 

T_Power Power filter time constant 

KQI MVAR/Voltage gain 

VMINCL Min. voltage limit 

VMAXCL Max. voltage limit 

KVI Voltage/MVAR Gain 

PFAFLG 0. if PF fast control disabled 

1. if PF fast control enabled 

VARFLG 

0. if Qord is not provided by WindVar 

1. if Qord is provided by WindVar 

if VARFLG=PFAFLG=0 then Qord is 

provided as a Qref=const 

PQFLAG 

P/Q priority flag:  

0. Q priority 

1. P priority 

Table 45:  Parameters for the WT4E model. 

4.4.4.4.2 Generator/Converter Model (WT4G)  

The Generator/Converter Model (WT4G) is an equivalent of the generator and the 

field converter and provides the interface between the WTG and the modeled microgrid. 
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The difference from the conventional generator model (GENROU) is that it contains no 

mechanical state variables. The model calculates the current injection to the grid based on 

filtered active and reactive power commands from the Electrical Control Model (WTE4) 

described in the previous section.  A block diagram for the Generator/Converter Model 

(WT4G) is shown in Figure 83.  The input and output signals are given in Table 46. 

 

 
Figure 83:  Block diagram for the WT4G model [79]. 

 



 145 

Signal Description 

WIQCMD Reactive Current Command sent WT4E 

WIPCMD Real Current Command sent from WT4E 

VT Generator Terminal Voltage, ETERM, a complex value 

on the grid frame with magnitude and angle 

ISORC 

Generator Terminal Current injected  into grid, a 

complex value on the grid frame with magnitude and 

angle 

Table 46:  Input and output signals for WT4G model. 

Both real and reactive components of the injected current are processed under the 

over-voltage (high) and under-voltage (low) voltage conditions by means of a fault ride 

through logic.  Low voltage ride through (LVRT), or fault ride through (FRT), defines 

what the WTG is required to do when the voltage in the grid is temporarily reduced due 

to a fault or load change in the grid.  The ride through settings parameters are given in 

Table 47. 

 

Parameter Description 

TIQCmd  Converter time constant for IQcmd 

TIPCmd  Converter time constant for IPcmd 

VLVPL1  LVPL voltage 1 (Under voltage power logic) 

VLVPL2  LVPL voltage 2 

GLVPL  LVPL gain 

VHVRCR 
 HVRCR voltage (over voltage reactive current 

limiter) 

CURHVRCR 
 HVRCR current (Max. reactive current at 

VHVRCR) 

RIp_LVPL  Rate of LVACR active current change 

T_LVPL  Voltage sensor for LVACR time constant 

Table 47:  Parameters for the WT4G model. 
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4.4.5 WIND PROFILE MODEL 

The WTG models require a user-defined wind speed profile model to drive the 

WTG wind speed inputs for the Wind Turbine Generator models that were described in 

the previous sections.  The development of the Wind Profile Model used in this thesis is 

based on the methods in the report Development of Regional Wind Resource and Wind 

Plant Output Datasets for the Hawaiian Islands, by National Renewable Energy 

Laboratory, and Oahu Wind Integration Study, by University of Hawaii and Hawaii 

Natural Energy Institute, School of Ocean and Earth Science and Technology.  

Unfortunately the datasets and models created in the aforementioned reports are not 

publicly available.  The use of National Renewable Energy Laboratory’s publicly 

available Eastern and Western Wind Integration Datasets, which are provided as time-

series (at 10 minutes intervals) wind data for 2004, 2005, and 2006, was considered for 

use as a source of publicly available wind data. These wind speed datasets have been 

height adjusted and converter to wind power with composite WTG power curves.  

Furthermore, these datasets were developed specifically to help energy professionals 

estimate power production from hypothetical wind plants including needs for storage 

based on wind variability [80].  However, the Eastern and Western Wind Integration 

Datasets are only available for the continental United States, not Hawaii or Alaska.  

Therefore the task of developing a wind speed model was undertaken for this thesis.    

The model development process included the following steps: 

1. Collect surface level wind speed data for entire year of 2012 for Sites 1 and 2, and 

then remove erroneous data points. 

2. Covert the annual datasets to hub height wind speed data at every time step. 

3. Reconstruct 2-second interval data (2-second data) from the collected height 

corrected datasets. 
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4. Generate wind plant power out profile for the three wind plants based on 2-second 

datasets. 

5. Index wind power data on an hourly basis based on an RMS calculation to assess 

the severity of fast power variations. 

The worst hour in terms of power variations from the wind plants was identified 

from this analysis and that data was then used as the Wind Profile Model for the PSS®E 

dynamic simulations of the various LFC methods conducted for this thesis.  Each step in 

the Wind Profile Model development process is described in the following sections. 

It should be noted that the Wind Profile Model developed for this thesis focuses 

less on matching the absolute wind power output or capacity factor of any given site, but 

rather attempts to match the relative changes in these metrics in a temporal model.  The 

model is not a replacement for onsite measurements, and should not be used and was not 

intended to be used for integration and transmission studies. 

4.4.5.2 Data Collection and Hub Height Correction 

Data from the National Oceanic and Atmospheric Administration (NOAA) offers 

a variety of free meteorological and climatological information through their data portal, 

the National Data Buoy Center. The data available for download can be found at the 

Online Climate Data Directory (OCDD) [81]. This page offers HTML and FTP pages to 

access an assortment of raw sensor data and derived data products. The data obtained to 

develop the Wind Profile Model was historical data from year 2012.  EWP1 and NWP 

are located at Wind Plant Site 1 (Site 1) and EWP2 is located at Wind Plant Site 2 (Site 

2), as shown in Figure 84.    
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Figure 84:  Wind plant site locations. 

The new wind plant (NWP) will be located adjacent to EWP1, so its wind data 

was assumed to be perfectly correlated to EWP1, but with fewer turbines.  The data used 

for Site 1 was collected from Station KLIH1 – 1615680, the barometer and anemometer 

are 3.6 meters above sea level.  The data used for Site 2 was collected from Station 51002 

(LLNR 28006). Anemometer height for this station is 5 meters above sea level. 

Site 1 data is recorded at 6-minute intervals (referred to as 6-minute data), as 

shown in Table 48.  Therefore, Site 1 has 10 readings for each of the 8784 hours in 2012 

(note that 2012 was a leap year, thus the additional 24 hours).  Site 2 data is recorded at 

10-minute intervals, as shown in Table 49.  Therefore Site 2 has six readings for each of 

the 8784 hours in 2012.  The data from Hour 1 (first hour of the year) from the 2012 

dataset is shown in Table 48 and Table 49 for Site 1 and 2, respectively. 
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#YY MM DD hh mm WDIR WSPD 

year month day hr. min. degT m/s 

2012 1 1 0 0 25 4.7 

2012 1 1 0 6 23 4.5 

2012 1 1 0 12 22 4.4 

2012 1 1 0 18 14 4.7 

2012 1 1 0 24 26 4.6 

2012 1 1 0 30 19 4.8 

2012 1 1 0 36 23 4.2 

2012 1 1 0 42 21 4.6 

2012 1 1 0 48 18 4.2 

2012 1 1 0 54 20 5.1 

Table 48:   6-minute data from Site 1on January 1
st
, 2012 the first hour of the year, 

Hour 1. 

 

#YY MM DD hh mm WDIR WSP 

year month day hr. min degT m/s 

2012 1 1 0 0 12 6.3 

2012 1 1 0 10 9 5.9 

2012 1 1 0 20 16 6.2 

2012 1 1 0 30 17 6.3 

2012 1 1 0 40 24 6.9 

2012 1 1 0 50 24 6.8 

Table 49:  10-minute data from Site 2 on January 1
st
, 2012 the first hour of the year, 

Hour 1. 

WDIR is the Wind direction (the direction the wind is coming from in degrees 

clockwise from true north). WSPD is the Wind speed (m/s) averaged over a 2-minute 

period for Site 1 and over a 10-minute period for Site 2. 

The average wind speed is the simple scalar average of the wind speed 

observations. A "unit-vector" average is used to calculate the average wind direction. In 

this technique, unity serves as the length of the vector, and the wind direction 

observations serve as the orientation of the vector. The u component represents the east-
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west component of the wind vector while the v component represents the north-south 

component.  The u and v components are then calculated for each observation. Next, the 

average u and v components are computed and the average wind direction is derived 

from t    (
 

 
).  This technique will produce greater wind speeds than if a true vector 

average was used. 

Invalid data points were removed from both sets of data.  Missing, erroneous, 

corrupt or invalid data in the historic files are denoted by variable number of 9's.   

4.4.5.3 Hub Height Correction to Site 1 and Site 2 Datasets 

Estimates of the surface level wind speed measurements raised to the average 

turbine hub heights at Site 1 and Site 2 were performed using the wind profile power law.  

Vertical extrapolation of wind speed at height x uses the wind profile power law which is 

given in the form of equation (30): 

 

(30)      (
  
  ⁄ )

 
 

where ux is the estimated wind speed (in meters per second) at raised or lowered height zx 

(in meters), and ur is the known wind speed at a reference height zr. The exponent (α) is 

an empirically derived coefficient that varies depending upon the stability of the 

atmosphere. For neutral stability conditions, α is approximately 1/7 [82]. The value of 1/7 

for α is commonly assumed to be constant in wind resource assessments, as described in 

[82] and [31].  When the value of α is 1/7, the wind profile power law is often referred to 

as the “1/7 power law” [82].   

4.4.5.3.1 Site 1 Vertical Extrapolation 

Figure 85 shows Site 1, with the 14 GE wind turbines with NWP in the 

foreground and the 20 GE wind turbines at EWP1 in the background.  The lowest surface 
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elevation is 206.0 meters at the base of the lowest turbine at Site 1, while the highest 

WTG base is at approximately 966.0 meters.  The GE 1.5se WTGs at Site 1 have 51.2 

meter towers, therefore the average hub height elevation for Site 1 is 637.2 meters.  

 

 
Figure 85:  Site 1 elevation change. 

 

The dataset for the site was extrapolated to a height of 637.2.  Thus zx for Site 1 is 

637.2 meters and zr is 3.6 meters.  The Site 1 data from Hour 1 (first hour of the year) 

from the 2012 dataset is reshown (shown earlier in Table 48) in Table 50 including the 

estimated wind speed data raised to 637.2 meters (WSP637.2).  Statistical data 

comparisons of the original surface level data and the height adjusted data for Site 1 is 

shown in Table 51. 
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#YY MM DD hh mm WDIR WSP WSP637.2 

year month day hr. min degT m/s m/s 

2012 1 1 0 0 25 4.7 9.85 

2012 1 1 0 6 23 4.5 9.43 

2012 1 1 0 12 22 4.4 9.22 

2012 1 1 0 18 14 4.7 9.85 

2012 1 1 0 24 26 4.6 9.64 

2012 1 1 0 30 19 4.8 10.05 

2012 1 1 0 36 23 4.2 8.80 

2012 1 1 0 42 21 4.6 9.64 

2012 1 1 0 48 18 4.2 8.80 

2012 1 1 0 54 20 5.1 10.68 

Table 50:  Site1 data including height adjusted wind speed for Hour 1 of 2012. 

Metric 
Surface Level Wind 

Speed 

Height Adjusted Wind 

Speed 

Mean 5.66 11.86 

Standard Error 0.01 0.02 

Median 5.70 11.94 

Mode 6.10 12.78 

Standard Deviation 2.77 5.80 

Minimum 0.10 0.21 

Maximum 16.90 35.40 

 Table 51:  Statistical comparison between original surface level wind speed data and 

height adjusted wind speed data for Site 1. 

4.4.5.3.2 Site 2 Vertical Extrapolation 

Figure 86 shows Site 2, with the seven Siemens wind turbines.  The lowest 

surface elevation at Site 2 is 112.0 meters at the base of WTG1, while the highest WTG 

base is at approximately 344.0 meters.  The SWT-3.0-101 WTGs at Site 2 have 79.8 

meter towers; therefore the average hub height elevation at Site 2 is 403.7 meters.  
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Figure 86:  Site 2 elevation change. 

The dataset for the site was extrapolated to a height of 403.7.  Thus zx for Site 2 is 

403.7 meters and zr is 5.0 meters.  The Site 2 data from Hour 1 (first hour of the year) 

from the 2012 dataset is shown in Table 52 including the estimated wind speed data 

raised to 403.7 meters (WSP403.7).  Statistical data comparisons of the original surface 

level data and the height adjusted data for Site 2 is shown in Table 53. 
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#YY MM DD hh mm WDIR WSPD WSD403.7 

year month day hr. min. degT m/s m/s 

2012 1 1 0 0 12 6.3 11.80 

2012 1 1 0 10 9 5.9 11.05 

2012 1 1 0 20 16 6.2 11.61 

2012 1 1 0 30 17 6.3 11.80 

2012 1 1 0 40 24 6.9 12.92 

2012 1 1 0 50 24 6.8 12.73 

Table 52:  Site2 data including height adjusted wind speed for Hour 1 of 2012. 

Metric Surface Level Wind Speed Height Adjusted Wind Speed 

Mean 8.30 15.55 

Standard Error 0.01 0.02 

Median 8.50 15.92 

Mode 8.90 16.67 

Standard 

Deviation 1.89 3.53 

Minimum 0.00 0.00 

Maximum 14.40 26.97 

Table 53:  Statistical comparison between original surface level wind speed data and 

height adjusted wind speed data for Site 2. 

4.4.5.4 Reconstruction of 2-Second Data  

Since the power output from a wind turbine increases as the cube of wind speed 

[83] (e.g. if wind speed doubles, the power output increases eight times), small changes 

in wind speed result in large changes in power output.  The ramp rate requirements are 

measured at 2-second scans. Thus, the existing 6-minute and 10-minute wind speed 

datasets do not have sufficient resolution to model the effects of high frequency wind 

variations on grid frequency so it was necessary to model the data in finer time 

resolutions.  

This section addresses the method of adding variability at a given site, based on 

coarsely sampled, historical wind speed records.  A variety of approaches for 

reconstructing a time series are reviewed in [84] and [85].  The method used in this thesis 



 155 

is based on using a simplified Kaimal function to represent the power spectral density 

(PSD) of wind turbulence as described in this section.  The validation of the chosen 

method is presented, followed by the reconstruction procedure and then a validation of 

the final model.  

4.4.5.4.1 Using a Simplified Kaimal Function to Represent the PSD of Wind 

Turbulence 

The power spectral density of wind turbulence can be approximated by the 

Kaimal function.  This thesis uses a simplified version of the Kaimal function as 

presented by Riso [86] and equation (31) which uses a simplified length scale, L. 

 

(31) S    ( )         
 

   
 

  

(  
    

  
 )
  ⁄  

where L=600, V0 is the mean speed of the wind, and σu is the standard deviation of the 

wind speed.  For further explanation of the Kaimal function, the Riso version and 

associated parameters see Appendix A. 

In order to test the validity of using the Riso version as an approximation of the 

PSD of a time series of wind speed data, a set of raw 2-second wind speed data was used 

for this validation process.  From this 2-second wind speed dataset, five different sets of 

wind speed data were selected, each with a time window of 10-minutes, with mean wind 

speeds of approximately 5 m/s, 10 m/s, 13 m/s, 15 m/s, 25 m/s, for Window1, Window2, 

Window3, Window4, and Window5, respectively.  These mean wind speeds approximate 

the critical speeds on the power curve of the WTG which is described in Section 4.4.5.5, 

namely the cut-in speed, the rated speed, and the cut-out speed.  Therefore having a good 

correlation between the actual PSD of the wind speed time series and the simplified 

Kaimal function (Riso version) at these mean speeds is of importance.  A comparison of 
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the Kaimal function, the simplified Riso version, and the actual PSD are presented for 

each five different sets of wind speed data.  The numerical PSD were estimated using the 

method described by Burton et al. [87] which is the squared magnitude of its Fourier 

transform, scaled by the sampling frequency and by the number of samples.  The Riso 

version of the Kaimal function, SRiso(V0, σ
2
), was constructed from the wind speed data 

V[x].  V0 is the mean wind speed approximated by the mean value of the wind speed at 

the beginning and end of the window as shown in equation (32), and σ
2
 is the variance in 

standard form, using the end values of each window as in equation (33). 
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The calculated spectra are shown for the five different 10-minute windows in 

Figure 87 – 91. It can be seen that the Riso version is a good approximation of the PSD of 

wind time series.  The modeled spectra approximate the calculated PSD best at lower 

velocity, lower standard deviation, and higher frequency as was observed by Burton et al 

[87].   
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Figure 87:  Comparison of the Kaimal function, the simplified Riso version, and the 

actual PSD for Window1 (5m/s mean wind speed). 

 
Figure 88:  Comparison of the Kaimal function, the simplified Riso version, and the 

actual PSD for Window2 (10m/s mean wind speed). 
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Figure 89:  Comparison of the Kaimal function, the simplified Riso version, and the 

actual PSD for Window3 (13m/s mean wind speed). 

 
Figure 90:  Comparison of the Kaimal function, the simplified Riso version, and the 

actual PSD for Window4 (15m/s mean wind speed). 
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Figure 91: Comparison of the Kaimal function, the simplified Riso version, and the 

actual PSD for Window5 (20m/s mean wind speed). 

 Burton et al. [87] describe a straight forward procedure to estimate a wind speed 

time-series from a PSD.  The reconstruction of 2-second data from 10-minute (or 6-

minute) data is based on the method which estimates a coherent wind time-series by 

inverse transforming the scaled, square-root of the PSD.  

The first step is to construct the Riso version of the Kaimal function, SRiso(V0, σ
2
), 

from the course dataset, v[k] (e.g. Site 1’s 6-minute date or Site 2’s 10-minute data) 

where V0 is the mean wind speed approximated by the mean value between successive 

time steps as shown in equation (34), and σ
2
 is the variance of V[k] and V[k+1]. 
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The PSD calculation is shown in equation (35), which is approximated by the Riso 

version SRiso(V0, σ
2
).  

 

(35)         ( [ ])   
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where X is the discrete Fourier transform of x[n],  and x[n] is the wind turbulence with 

time step of 1/fS (in this thesis, 2 seconds), N is the number of the data points (180 for Site 

1 dataset, 300 for Site 2), and fS is the sampling frequency (in this thesis, 0.5 Hz). Hence, 

        

(36) | |  √            

 

The PSD only provides information of the magnitude of the wind speed signal. 

Since the phase information is unknown, it is (arbitrarily) chosen to insure that the time 

series is conveniently real-valued; the method is described by Burton et al. [87].  

         

(37)   | |    

The one-sided FFT of X above is converted to a two-sided series by setting 

         

(38)       −     

The time series of wind turbulence is then generated from the inverse fast Fourier 

transform 

        

(39)  [ ]  I   ( )  
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The wind turbulence time series is added to the average wind speed derived as the linear 

interpolation of the time window (a straight line connecting the two ends of the window). 

4.4.5.5 Validation of 2-Second Reconstruction Process 

The procedure described in the previous section is validated in this section.  A set 

of 12 hours of 2-second data was down sampled to create a set of 10-minute data as 

shown in Figure 92. 

 

 
Figure 92:  Original 2-second data and Down-sampled 10-minute data. 

  The 10-minute down-sampled data was then reconstructed into 2-second data and 

compared to the original 2-second data, as shown in Figure 93.  Statistical comparison of 

the actual (original) 2-second data and reconstructed 2-second data is given in Table 54.  

As evident by the results presented in Figure 93 and in Table 54, the reconstruction 

process was deemed to be sufficient in creating a 2-second dataset based on coarsely 

sampled, historical wind speed records. 
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Figure 93:  Comparison between reconstructed 2-second and actual 2 second data. 

 

Metric 

Original 

 2-second data 

Reconstructed 

 2-second data 

Mean 4.58 4.70 

Standard Error 0.01 0.01 

Median 3.77 3.87 

Mode 3.48 3.51 

Standard Deviation 2.02 2.08 

Sample Variance 4.07 4.34 

Kurtosis 0.58 0.67 

Skewness 1.23 1.24 

Range 9.18 9.96 

Minimum 1.33 1.29 

Maximum 10.51 11.25 

Table 54:  Statistical comparison of the actual (original) 2-second data and 

reconstructed 2-second data. 
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4.4.5.6 Wind Plant Power Out From Reconstructed 2-Second Data 

Performance of a single wind turbine can be characterized by a power curve, 

which is a graphical representation of the turbine electric power output as a function of 

the hub-height wind speed. An example wind turbine power curve is shown in Figure 94, 

showing three key points: (1) cut-in speed below which the turbine will not produce 

power; (2) rated speed at which the rated power of the turbine is produced; and (3) cut-

out speed beyond which the turbine is not allowed to deliver power. With such a curve, 

the turbine power output and energy production can be predicted without detailed 

knowledge of a turbine and its components. Turbine manufacturers provide measured 

power curves for turbines based on industry standard IEC 61400-12-1 [88].   

 
Figure 94:  Example Power Curve, noting cut-in speed, rated speed, and cut-out 

speed. 

To calculate the power output of each wind plant, at 2-second intervals, the 

reconstructed wind data was used for Site 1 (EWP1 and NWP wind plants) and Site 2 

(EWP2 wind plant) along with the power curves for the WTGs at the sites.  The power 

1 

2 3 
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curves for Sites 1 and 2 are based on the power curves for the GE 1.5se WTG and the 

Siemens SWT-3.0-101-DD WTG, respectively.  The wind plant power is estimated from 

the wind power from each WTG multiplied by the number of turbines located at the 

respective plant.  The WTG type and number of WTG at each plant is shown in Table 55.  

The results are recorded in a CVS, text, or excel file with 2 columns, namely, time stamp 

and total WTG plant output. 

 

Wind Plant  Site WTG No. 

WTG 

EWP1 Plant Power 1 GE 20 

EWP2 Plant Power 2 Siemens 7 

NWP Plant Power 1 GE 14 

Table 55:  Wind Plant WTG types and count. 

The logic used to calculate the individual WTG power versus time is shown in 

Table 56.  And the parameters for the WTGs in the power calculation are shown in Table 

57. 

 

WTG Power Wind Speed 

0 < cut-in speed 

0 > cut-out speed 

rated power   >= rated speed  and <= cut-out speed 

PowerCurve > cut-in speed and < rated speed  

Table 56:  WTG power calculation. 

Parameter GE 1.5se Value Siemens SWT-3.0-101 Value Units 

rated power 1500 3000 kW 

cut-in speed 4 3.5 m/s 

cut-out 

speed 25 24.5 m/s 

rated speed 12 14.5 m/s 

Table 57:  WTG parameters. 
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The power curve for the GE 1.5se is shown in Figure 95 and is approximated by 

polynomial equation (40) when the wind speed is between the cut-in speed and rated 

speed. 

 

 
Figure 95:  GE 1.5se power curve polynomial approximation. 

 

(40)               −                            –           

         –                   

where x is wind speed in meters per second. 

The power curve for the Siemens SWT-3.0-101-DD is shown in Figure 96 and is 

approximated by the polynomial in equation (41) when the wind speed is between the 

cut-in speed and rated speed equation. 

 

y = 
0

200

400

600

800

1000

1200

1400

1600

0 2 4 6 8 10 12 14

R
e

al
 P

o
w

e
r 

(k
W

) 

Wind Speed (m/s) 

GE 1.5se 

GE 1.5se

Poly. (GE 1.5se)



 166 

 
Figure 96:  Siemens power curve polynomial approximation. 

 

(41)                           –                    –           

         –                   

where x is wind speed in meters per second. 

A file containing the wind plant power at 2-second intervals created for the entire 

year (2012) was based on the above methods. A small sample of data is presented in 

Table 58, showing the wind plant power for NWP, EWP1, and EWP2 at 2-second 

intervals.  Additionally, the total wind power for the entire microgrid is also shown in 

Table 58.  
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Hour 
(hr.) 

mm 
(min) 

ss 
(sec) 

PNWP 
(MW) 

PEWP1 
(MW) 

PEWP2 
(MW) 

PwindMicrogrid 
(MW) 

4261 0 0 14.57 20.81 11.34 46.72 

4261 0 2 14.57 20.81 11.34 46.72 

4261 0 4 14.57 20.91 11.34 46.83 

4261 0 6 14.68 20.81 11.34 46.83 

4261 0 8 14.68 20.81 11.34 46.83 

4261 0 10 14.68 20.81 11.34 46.83 

4261 0 12 14.57 20.81 11.34 46.72 

4261 0 14 14.46 20.70 11.24 46.40 

4261 0 16 14.35 20.59 11.13 46.08 

Table 58:  Wind power data at 2-second intervals for each wind plant, and total wind 

power. 

4.4.5.7 Variability Analysis 

An hourly-index-based RMS variability calculation was performed to assess the 

severity of fast power variations. The worst hours identified from this analysis were then 

used for further investigation in PSS®E dynamic simulations. The methods used to 

conduct the variability analysis are based on work in [24]. 

First, the total wind power output (PwindMicrogrid) is calculated at every time step (2-

second intervals) as the summation of all existing wind plants.  The total wind power for 

the entire microgrid is calculated as shown in equation (42). 

 

(42)               [ ]        [ ]        [ ]        [ ] 

Then, the 5-minute moving-average power is obtained using equation (43).  For 

each time step, the 5-minute average value equals the mean value of all the 2-second data 

points that are in the sliding window, centered at this time and with 2.5 minutes worth (75 

data points) on each side [24].  The moving average was calculated at every time set for 

the entire data set. 
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(43)             [ ]   
 

   
∑  [   ]  
      

The 5-mintue moving average was subtracted from the original total wind power 

data to obtain the deviation of the total wind power with respect to the average, as shown 

in equation (44).  A time series of wind power deviation is computed for each data point 

for the entire dataset. 

 

(44)                         [ ] −             [ ] 

The RMS of the deviation of the total wind power with respect to the averages 

was calculated for every hour of the study year, as shown in equation (45). 

 

(45)       √
 

    
∑ (        [ ]) 
    
     

The larger the RMS value, the more variable the renewable power is in that hour. 

The length of the moving average window determines the bandwidth of the renewable 

variability.  

In this study, power variations with 5-minute (RMS5) and 10-minute (RMS10) 

moving averages were considered. The 5-minute and 10-minute moving average analyses 

were given in equations (43), (44), and (45) and in equations (46), (47), and (48), 

respectively. 

 

(46)              [ ]   
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(47)                          [ ] −              [ ] 

(48)        √
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These lengths of windows were chosen because they are an important operating 

timeframe for the thermal units, in that they are longer than the immediate governor 

response and shorter than the timeframe to commit another unit [24].  The nomenclature 

used in the remainder of this thesis calls RMSX to refer to the hourly RMS with respect 

to an X-minute (1, 5, 10, and 20 minute) moving average. The same method and 

nomenclature was used to analyze results of frequency deviations in Chapter 6. The hours 

were ranked according to the resulting RMS values.  Table 59 shows the 10 most variable 

hours during the year based on the RMS5 and RMS10 volatility ratings. 

 

Hour RMS5 RMS10 

4261 1.80 2.10 

4895 1.80 1.90 

1345 1.70 2.00 

5018 1.70 2.00 

4193 1.70 1.90 

2166 1.70 1.90 

5825 1.70 1.90 

2346 1.70 1.90 

3840 1.70 1.80 

2506 1.70 1.70 

Table 59:  Ten most volatile hours of the year. 

The most volatile hour (Hour 4261) is used as the Wind Profile Model which is 

fed into the Wind Plant models. The output of the three wind plants, EWP1, EWP2, and 

NWP during Hour 4261 is shown in Figure 97. 

 



 170 

 
Figure 97:  Real power output from wind plant during most volatile hour (Hour 4261) 

used as the Wind Profile Model for the Wind Plant models. 

4.5 Transmission & Distribution Model 

The electric transmission grid on the island of Maui is comprised of two primary 

voltage levels: 69.0 kV and 23.0 kV. The 69-kV system covers west Maui, south Maui, 

and much of central Maui, while the 23-kV system covers central Maui and extends 

radially east to Hana [23]. The two systems are connected in synchronism, yet out of 

phase, through four zigzag transformers, one of which operates in the normally open 

position [23]. 

The transmission and distribution system consists of fifteen 69.0 kV transmission 

substations, seven 23.0 kV substations, thirty-three distribution substations, seventeen 

69.0 kV transmission lines, fifteen 23.0 kV sub-transmission lines, and ninety-two 12.47 

kV distribution feeder circuits. The 69.0 kV and 23.0 kV circuits are interconnected with 
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redundant circuits that provide multiple options for supplying power to the distribution 

substations to increase reliability [25].   

4.5.1 BUSES 

Buses in PSS®E are electrical nodes that are connected to each other by branches 

(transmission or distribution lines).  A bus is defined by its Base kV, so all buses in the 

model have a Base kV of 69.0 kV, 23.0 kV, or 12.47 kV. Furthermore, each bus is 

assigned a Type Code14.  In the Bus Data Record dialog box from PSS®E, shown in 

Figure 98, the user can define the parameters of each bus. 

 

 
Figure 98:  Example Bus Data Record from PSS®E. 

                                                 
14 Type Codes: 1 is a Non-generator bus (Load Bus in older versions of PSS®E), 2 is a Generator bus, 3 is 

Swing bus, 4 is a Disconnected bus.  
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Buses are represented as a dot, circle or a thick line. An example of a bus from the 

PSS®E model is shown in Figure 99.  The bus name (WAIINU) and number (636) are 

given, as well as the voltage measured on the line (70.9 kV and 1.027 per unit voltage). 

 

 
Figure 99:  Example bus from one line diagram in model PSS®E. 

The bus data used in this thesis is given in Table 60. 
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Bus-No kV Bus-No kV 

13 12.47 301 13.8 

44 0.48 302 13.8 

45 4.16 303 13.8 

108 6.9 304 13.8 

109 6.9 305 13.8 

112 12.47 306 13.8 

123 12.47 325 12.47 

125 12.47 335 12.47 

127 0.48 336 12.47 

129 12.47 343 12.47 

134 12.47 403 4.16 

135 12.47 404 4.16 

136 12.47 405 12.47 

139 12.47 407 4.16 

141 2.4 415 12.47 

142 2.4 418 4.16 

148 0.48 422 2.4 

150 12.47 430 2.4 

155 12.47 431 4.16 

161 2.4 436 4.16 

164 7.2 440 4.16 

173 4.16 443 12.47 

174 2.4 493 4.16 

175 12.47 501 0.48 

176 2.4 502 0.48 

177 12.47 503 0.48 

182 0.48 504 0.48 

188 0.48 534 12.47 

192 4.6 723 12.47 

203 12.47 729 12.47 

204 12.47 750 12.47 

205 12.47 803 12.47 

206 4.16 817 12.47 

209 2.4 834 12.47 
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Bus-No kV Bus-No kV 

216 12.47 844 4.16 

225 12.47 845 4.16 

235 12.47 846 4.16 

241 2.4 917 12.47 

Table 60:  Bus data used in this thesis. 

 

 Table 61 shows the thermal generating unit bus numbers and associated generator 

ID number. 
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MPP 
BUS 

NUMBER ID 

X1 110 1 

X2 110 2 

M1 105 1 

M2 105 2 

M3 105 3 

M4 106 4 

M5 106 5 

M6 106 8 

M7 107 6 

M8 107 7 

M9 107 9 

M10 108 0 

M11 108 1 

M12 109 2 

M13 109 3 

M14 301 1 

M15 303 3 

M16 302 2 

M17 304 4 

M18 306 6 

M19 305 5 

KPP     

K1 101 1 

K2 102 2 

K3 103 3 

K4 104 4 

IPP     

HC&S 804 4 

Table 61:  Thermal Unit buses included in the PSS®E model. 

4.5.2 BRANCHES 

Transmission lines and distribution lines are referred to as Branches in PSS®E.  

Branches connect two buses together, a generator to a bus, or a load to a bus.  Branches 

are represented as a thin line with the real power (MW), shown above the branch, and the 
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reactive power (MVAr) shown below the branch.  A positive value implies export of 

power and a negative value implies import of power.  An example of a branch 

embodiment from the PSS®E model is shown in Figure 100.  In this example the branch 

connects two buses together and the real power flows into the branch from the bus on the 

left at a rate of 4.1 MW and into the bus on the right at the same rate of 4.1 MW.  The bus 

on the left exports 1.7 MVAr and the bus on the right imports 1.9 MVAr.  

 

 
Figure 100: Example Branch from one line diagram in model PSS®E. 

A branch is defined by its “to bus” and “from bus”, and the impedance of the 

transmission line.  In equations (49), (50), and (51), the line impedance, Z, is given in 

classical form and decomposed into the line resistance (the real part of the impedance), 

and the line reactance (the imaginary part of the impedance).  R is the line resistance and 

X is the line reactance. 

(49)     | |     

(50)  | |  √      √       

(51)    t    
 

 
 

In the Branch Data Record dialog box from PSS®E, shown in Figure 101, the 

basic data for the branch, such as the “to bus” and “from bus” information, and the 

impedance data are entered in this dialog box. 
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Figure 101: Example Branch Data Record from PSS®E. 

The line resistance and line reactance data is expressed in per-unit (pu) quantities 

that are calculated from the base impedance. The base impedance for transmission lines is 

calculated from the system base MVA and the base voltage of the transmission branch of 

interest.  The system base MVA used in the load-flow cases is 10 MVA (S = 10 MVA).  

The base voltage for a transmission line branch is the nominal line-to-line voltage of that 

particular transmission branch [89]. Therefore the base impedance used for calculating 

transmission branch impedances is given in (52). 

 

(52) 
base

base
base

base

given

up
S

V
Zwhere

Z

Z
Z

2

.. :   

This base impedance is then used to convert the physical quantities of the transmission 

line into per-unit values to be used in the load-flow cases.  Once the total transmission 

line resistance is known and expressed in ohms, then this value is simply divided by the 
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base impedance to obtain the per-unit resistance to be entered in the load-flow case [89].  

The calculation for per-unit resistance is given in  

(53). 

(53)  

Once the total transmission line reactance is known and expressed in ohms, then 

this value is divided by the base impedance to obtain the per-unit reactance and entered 

into the load-flow case [89].  This calculation is as follows: 

 

(54)  

Line charging is expressed as total branch charging susceptance (imaginary part 

of admittance) per unit, Bp.u., on the 100 MVA system base.  The total branch charging is 

expressed in MVARs and divided by the system base MVA to get per unit charging.  The 

equation used to accomplish this depends on the starting point. Typically the charging of 

a transmission line is known in KVARs.  Given the total transmission line charging 

expressed in KVARs, the equation to calculate the total branch charging susceptance in 

per-unit on the system base is as follows: 

 

(55)  
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4.5.3 LOADS 

Three load flow cases are defined in this study: the maximum (peak) load case, 

minimum load case, and an intermediate load case.  The grid has a peak load of 199.4 

MW and minimum load of 87.3 MW.  The intermediate load level is defined as loads 

between 138.0 MW and 143.0 MW.  The load data used for the simulations in this thesis 

are shown in Table 62.  The load varies between these base cases according to the load 

shapes described in Section 4.5.3.1.  

 



 180 

Bus-
No 

P 
(MW) 

 Q 
(VAr) 

Bus-
No 

P 
(MW) 

 Q 
(VAr) 

13 6.16 1.8 301 0.3 0.17 

44 0.69 0.2 302 0.3 0.17 

45 0.27 0.08 303 0.4 0.23 

108 0.3 0.17 304 0.3 0.17 

109 0.3 0.17 305 0.3 0.17 

112 6.29 1.83 306 0.4 0.23 

123 4.88 0.76 325 9.61 3.16 

125 6.41 2.11 335 7.26 2.39 

127 0.32 0.16 336 3.15 1.15 

129 2.71 0.42 343 0 0 

134 8.69 2.54 403 0.76 0.25 

135 7.69 2.53 404 1.33 0.44 

136 3.15 1.15 405 5.33 1.75 

139 7.82 2.57 407 1.28 0.42 

141 0.51 0.15 415 6.47 2.13 

142 0.19 0.06 418 2.14 0.7 

148 0.06 0.02 422 0.54 0.18 

150 6.51 1.02 430 0.64 0.21 

155 0.41 0.2 431 0.91 0.27 

161 0.11 0.03 436 0.41 0.2 

164 0.11 0.05 440 1.5 0.72 

173 0.77 0.19 443 5.34 1.76 

174 0.12 0.04 493 1.07 0.26 

175 1.71 0.83 501 0.3 0.45 

176 0.57 0.17 502 0.3 0.45 

177 0.11 0.04 503 0.7 1.05 

182 0.11 0.05 504 0.7 1.05 

188 0.11 0.05 534 7.45 2.17 

192 1.01 0.25 723 8.55 2.49 

203 7.55 3.66 729 4.27 1.25 

204 5.98 2.89 750 3.2 0.93 

205 6.76 3.28 803 5.34 1.76 

206 0.86 0.21 817 4.27 1.25 

209 0.1 0.03 834 6.83 1.99 

216 4.46 1.3 844 1.07 0.35 

225 8.55 2.81 845 1.07 0.35 

235 8.55 2.81 846 1.07 0.35 

241 1.26 0.37 917 5.34 1.56 

Table 62:  Load data used for peak case in this thesis. 
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All loads are defined by Pload (MW) and Qload (MVAr) values and all loads are 

assigned a Bus Number to which the load is connected.  Loads are represented as a 

triangle with the ID number located inside the triangle. An example of a load from the 

PSS®E model is shown in Figure 102. 

 

 
Figure 102:  Example load from PSS®E model of microgrid. 

The real power, Pload (MW), is denoted by the number on top (6.5 MW) and the reactive 

power, Qload (MVAr), is denoted by the number on bottom (2.0 MVAr).   

4.5.3.1 Load Shapes 

The forecasted load shapes were taken from the Hawai’i Solar Integration Study, 

Final Technical Report for Maui and scaled based on the present peak value of 199.4 

MW [24].  The daily and monthly load shapes are shown in Figure 103.  Morning load 

pick-up occurs between 6-10 am and evening peak occurs between 6-9 pm. The load on 

the Maui grid peaks in the months of July – September, when the average temperatures 

are very high [24]. 
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Figure 103:  Daily and monthly load shapes [24]. 

4.5.4 UNDER-FREQUENCY LOAD SHEDDING 

The purpose of Under Frequency Load Shedding (UFLS) is to balance generation 

and load when an event causes a significant drop in frequency.  According to IEEE 

C37.117-2007, UFLS involves the use of protective relays for load shedding in the event 

of insufficient generation or transmission capacity within a power system. It is performed 

in order to minimize the risk of a further uncontrolled system separation, loss of 

generation, or system shutdown. If sufficient load is shed to preserve interconnections 

and keep generators on line, the system can be restored rapidly [90], [91]. Under-

frequency load shedding is common practice for remote microgrids, and occurs quite 

often. 

There are three blocks of automatic load shedding with set-points of 58.7Hz (5-

cycle delay), 58.5Hz (no delay), and 58.0Hz (no delay). The set-points are rotated among 

the three blocks to avoid disrupting the same customers repeatedly [92].  

 Block 1, approximately 15.4 MW of load shed 

 Block 2, approximately 10.5 MW of load shed 
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 Block 3, approximately 12 MW of load shed 

 

4.6 Microgrid Model Summary 

The Maui grid was chosen as the basis of the microgrid model developed in this 

thesis because there are copious amounts of public information and data pertaining to the 

modeling and validation of modeling of the Maui grid, including the transmission and 

distribution system, load and load profiles, thermal generation, BESS models, and wind 

generation.  Furthermore, Maui has been the focus many studies (cited herein) regarding 

the challenges associated with the increased levels of renewable generation. This chapter 

provided the reader with an overview of the microgrid model (T&D model), along with 

the thermal generation models and wind generation models. 

Although extensive care was taken to develop accurate models based on 

previously validated models and to validate newly developed models to the extent 

possible, the models that were developed and described herein were not intended to 

particularly describe any generation asset on the island of Maui nor were they intended to 

be used, nor should they be, for any integration and transmission studies. 

The next chapter, Chapter 5, provides the reader with further insight into droop 

control, ramp rate control and lead compensation.  The following chapter, Chapter 6, 

presents a set of simulated case studies that quantifies the effectiveness of the three 

strategies to reduce frequency variability and thus reduce the cycling of the thermal 

generation units used to balance the load and generation via their governor response.   
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CHAPTER 5  
EXPLANATION OF CONTROL STRATEGIES 

This chapter presents example cases using a Test Microgrid to provide the reader 

with a better understanding of droop control, ramp rate control and the modified lead 

compensator.  This Test Microgrid is a subset of the “Full” microgrid model, previously 

described in Chapter 4, and assumes the thermal units are base-loaded (not regulating) to 

highlight the response of the BESS to disturbances. While this assumption is not valid in 

the general case, the example cases illustrate the purpose and limitations of each control 

strategy and provide the motivation for modifying the lead compensator. Sections 5.2-5.4 

present responses using ramp rate control, the modified lead compensator and droop 

control, respectively. 

A comparison of the three strategies using the “Full” model and the BESS model 

with no restrictions on the thermal units can be found in Chapter 6. The simulation and 

analysis presented in Chapter 6 provides quantification of the effectiveness of the three 

control strategies. 

 Test Microgrid 5.1

  The example cases illustrated in this chapter uses the simple single line circuit 

topology, shown in Figure 104.  Throughout this chapter, BESS output is the real power 

in MW flowing into or out of the BESS, WTG output is the real power flowing from the 

WTG circuit (sum of WTG1 and WTG2), system output is the combined output of both 

the BESS and the WTGs, and thus the system output is the real power flowing through 

the 34.5 kV to 69.0 kV transformer shown in Figure 104.   

The BESS used in the example cases presented is exactly as described in Chapter 

3. The Test Microgrid uses parts of the “Full” model described in Chapter 4. WTG2 and 
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WTG1 represent EWP1 (GE WTG) as two lumps, 25 MW and 5 MW. CT1 and CT2 are 

the GE LM2500 CTs, M14 and M15 as described in Section 4.3.4.2.3.  EG1 and EG2 

represent the reciprocating diesel engine generators M9 and M10 described in 4.3.4.2.1. 
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Figure 104:  Simplified single line circuit topology of the Test Microgrid for example 

cases presented in this chapter. 
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  The thermal units (CT1, CT2, EG1 and EG2) are modeled as described in 

Chapter 4, Section 4.3.4 .  The BESS is modeled as described in Chapter 3.  The WTG1 

and WTG2 are modeled using the GE 1.5se WTG model described in Chapter 4, Section 

4.4.4.3.  The initial conditions and the ratings of the thermal generation, wind generation, 

and BESS are given in Table 63.   

 

Unit 

Name 

Max. 

Operating 

Point (MW) 

Min. 

Operating 

Point (MW) 

Initial Condition 

for Examples 

(MW) 

Providing 

Regulation during 

simulation 

WTG1 5 0 Example dependent No 

WTG2 25 0 Example dependent No 

BESS 10 -10 0 Yes 

EG1 5.6 2 3 No 

EG2 12.50 5.00 10.5 No 

CT1 19 12.5 16.4 No 

CT2 19 12.5 16.4 No 

Table 63:  Initial conditions for example cases. 

 Ramp Rate Control 5.2

  When power output from a wind plant changes rapidly on a remote microgrid, 

the other dispatchable generators in the system must react quickly to maintain frequency 

on the system.  The WTG output can be thought of as a disturbance to the frequency 

control that the thermal generators on the microgrid are providing. Ramp rate control is 

the most commonly employed strategy to mitigate the variation of renewables in the 

remote microgrids of the Hawaiian Islands (a written requirement in PPA between the 

renewable asset owners and the utility).  Ramp rate control is not a true LFC in the pure 

sense because it uses the rate of change of real power from the wind plant as its process 

variable rather than frequency.   By reducing the real power variation (model disturbance) 

from the wind plant it indirectly reduces the frequency variation on the microgrid.  
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Therefore when the BESS provides this ramp rate service it reduces the amount of 

regulation the thermal units have to provide.  A BESS performing ramp rate control will 

limit the short-term rate of output power change to an acceptable level, typically 

expressed in MW/min, so that other dispatchable (firm) generators are able to maintain 

balance on the system without excessive wear from rapid power swings [15].  

Typical ramp rate requirements, as defined in the PPA, state that the wind plant 

shall ensure that the ramp rate of the plant output is less than determined limits 

(MW/minute) for all conditions including start up, normal operations, and shutdown.  

The calculation method for ramp rate limit is shown in equation  (56).  

 

 (56)               |      −   | 

where Allowable_RR is the Ramp Rate which may be calculated once every scan (2-

seconds), MWs-30  is the instantaneous power (MW) value 30 scans (60 seconds) prior to 

the present scan, and MWs  is the instantaneous MW analog value of the present scan.  

The most common values of Allowable_RR used for PPA on Maui, range between 0.3 

MW per minute and 2.0 MW per minute. 

 EXAMPLE CASE 1: MAXIMUM 2.0 MW / MIN RAMP RATE CONTROL 5.2.1

Example Case 1 compares operation of the two cases, Example Case 1A without 

the BESS (i.e. No ramp rate control) and Example Case 1B with the BESS providing 

ramp rate control with the maximum allowable ramp rate limit set at 2.0 MW / min.  The 

wind profile model is Hour 4895, which is used as the wind speed input to the WTG 

models.  This hour was the second most volatile hour as listed in Table 59, in Chapter 4 

Section 4.4.5.7.  This hour was chosen, because of the significant volatility in the WTG 

output, which highlights the BESS ramp rate control response. The BESS responds to 
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changes in WTG output (not changes in frequency), therefore high volatility in WTG 

output causes the BESS control action to be noticeable by the reader. Note the Test 

Microgrid assumes that the thermal units are base-loaded and therefore not participating 

in frequency regulation. 

5.2.1.1 Example Case 1A: No BESS (No Ramp Rate Control) 

Figure 105 shows the system output over the course of one hour without the 

BESS providing ramp rate control. The BESS is “off” and system output is equal to the 

WTG output. Notice the highly-variable system output in Figure 105, typical of wind 

generation.  

 

 
Figure 105:  Example Case 1A—System Output without BESS (No ramp rate control). 
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5.2.1.2  Example Case 1B: 2.0 MW / Min Ramp Rate Control 

Figure 106 shows the system output with the BESS over the same time frame and 

with the wind farm producing the same power as in Example Case 1A (Figure 105).  In 

this particular case, with the BESS providing ramp rate control, the system output is 

being limited to 2000 kW/minute (AllowableRR = 2.0 MW / min) at the point of common 

coupling with the microgrid.  The system output (combined BESS and WTG) moves up 

and down at the controlled ramp rate limit.  Wind power (blue trace) is highly variable, 

yet the power flowing to the grid (green trace) does not vary more than 2 MW/min. The 

BESS (red trace), buffers the wind output by charging (positive) and discharging 

(negative) such that the system output (green trace) does not vary more than 1.0 

MW/min. It can be seen that as the wind power ramps up the BESS begins to absorb 

power to counteract the sudden increase in generation and controls the upward ramp rate.  

And conversely the BESS injects power when the wind power decreases to offset the 

sudden drop in generation.  The net result is the total system output (as seen by the grid) 

is less variable and meets the ramp rate requirement as set forth in the PPA.  
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Figure 106:   Example Case 1—System Output with/without BESS providing ramp rate 

control. 

Figure 107 shows the ramp rates with (Example Case 1B—green trace) and 

without (Example Case 1A—blue trace) the BESS.  Notice with the BESS, the ramp rates 

are constrained within the bounds of the maximum allowable ramp rates.  It is clear that 

the BESS is mitigating the variability of the WTG output during this time period. 
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Figure 107:  Example Case 1—Ramp rate comparison with/without BESS 

 

 EXAMPLE CASE 2: GENERATION TRIP WITH BESS PROVIDING RAMP RATE 5.2.2

CONTROL AT 1MW / MIN 

In this case, the wind speed is held constant at 12 m /s (rated wind speed) so that 

the output from the WTGs is at rated power and is relatively stable.  At time 100 seconds, 

5.0 MW of WTG generation trips off-line (WTG2), as shown in Figure 108.  The 

microgrid does not experience (or “feel”) the loss of generation because the ramp rate 

controller senses the precipitous drop in power and causes the BESS instantaneously (less 

than one cycle) to deliver power such that the rate of change of the system output is 

maintained within the specified ramp rate limit of 1 MW/min. 
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Figure 108: Example Case 2—Generator trip, BESS providing LFC with ramp rate 

control. 

The BESS would reduce the need for thermal units to cycle up and down during 

wind power fluctuations by “smoothing out” (limiting the rate of change) the power 

fluctuations.  The degree to which the ramp control reduces frequency deviations and 

thus the actual cycling of the thermal generation is presented and quantified in Chapter 6. 

 Lead Compensator 5.3

All three control strategies use real power as the manipulated variable. However 

the modified lead compensator (MLC) presented in this thesis is a type of LFC that 

injects or absorbs power based directly on frequency deviation.  First, cases using the 

standard form of the lead compensator are presented, followed by cases using the 

modified lead compensator.  For the following test cases, the compensator parameter 

values are set to R = -0.24, Tld = 600.0 and Tlg = 30.0, which provide the lead 
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compensator with an initial gain of 83.34 and a steady state gain of 4.167 (approximately 

a 4% droop). The transition time between the initial and steady state gains will follow a 

time constant of 30.0 seconds.  These parameters are used in Hawai'i Solar Integration 

Study, Final Technical Report for Maui [24], but modified to reduce simulation time by 

reducing the time constant from 300 seconds to 30 seconds. Again, the thermal units are 

assumed to be base-loaded and not responding to frequency regulation. 

 CASE 3: GENERATION TRIP WITH STANDARD LEAD COMPENSATOR 5.3.1

A block diagram of the standard lead compensator used as LFC in the BESS 

model [24], already shown in Chapter 3, is shown again in Figure 109.  

 

 
Figure 109: BESS LFC Model from Hawai'i Solar Integration Study, Final Technical 

Report for Maui [24]. 

In this case, at time 1 second, 10.5 MW of WTG generation trips off-line. Cases 

3A and 3B are without and with the BESS, respectively.  

5.1.1.1 Example Case 3A: Generation Trip without BESS (No LFC Control) 

In response to a 10.5 MW loss of generation, Figure 110 show a frequency 

deviation of -0.42 Hz and frequency decreasing to 59.58 Hz, and settling at a steady state 

error of -0.19 Hz. The BESS is “off” throughout the entire simulation. The frequency 

does not decrease low enough to cause a UFLS event. 
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Figure 110: Example Case 3A—Frequency deviation without BESS (No LFC control). 

5.1.1.2 Example Case 3B: Generation Trip with BESS Providing LFC via 

Standard Lead Compensator 

With the BESS providing LFC using the standard lead compensator and the same 10.5 

MW loss of wind generation, Figure 111 shows a frequency deviation of -0.11 Hz and 

frequency decreasing to 59.89 Hz, and settling with a steady state error of -0.078 Hz.  

The frequency does not decrease low enough to cause a UFLS event. The BESS senses 

the change in frequency and it responds aggressively as can be seen in Figure 112.   
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Figure 111: Example Case 3B—Frequency deviation with BESS providing LFC via 

standard lead compensator. 

 

 
Figure 112: Example Case 3B—BESS Response with BESS providing LFC via 

standard lead compensator. 

Comparing the frequency responses in Figure 110 and Figure 111, it is clear that 

the BESS providing LFC significantly reduces the frequency deviation in response to a 

step change in generation.  The next case involves a loss of generation large enough to 
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trigger an UFLS event, and this event provides the motivation for a modified lead 

compensator. 

 EXAMPLE CASE 4: UFLS WITH BESS PROVIDING LFC VIA STANDARD LEAD 5.3.2

COMPENSATOR 

In Case 4, the generation trip is large enough that the BESS cannot prevent the 

frequency from dropping into the UFLS region.  The reader should recall from Section 

4.5.4 that the first block of load is shed when the frequency is below 58.7 Hz for 5-cycle 

delay, the second block of is shed as soon as (no delay) the frequency goes below 58.5 

Hz and if the frequency goes below 58.0Hz the third block of load is shed.  Again, the 

thermal units are assumed to be base-loaded and not responding to frequency regulation. 

The sequence of events for Case 4 is as follows: 

 At time 1.0 second, 30 MW of generation is tripped off-line due to an over speed 

wind event.    

 At time 20.0 seconds, another 16.4 MW generation is tripped off-line. 

 At time 30.0 seconds, another 3.0 MW generator is tripped.  

The frequency deviation versus time is shown in Figure 113.  At time 76 seconds, 

the frequency has decreased to 58.7 Hz which triggers UFLS.   
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Figure 113: Example Case 4—Frequency Deviation, UFLS and BESS providing LFC 

with standard lead compensator. 

As desired, about 17.7 MW is shed during the UFLS event and causes the 

frequency (and deviation signal) to abruptly change direction and start to increase. 

However, the correction is thwarted by the BESS response. The problem with using the 

standard lead compensator becomes evident in Figure 114. 
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Figure 114: Example Case 4—BESS Output, UFLS and BESS providing LFC with 

standard lead compensator. 

Immediately following the first loss of generation (time 1 second), the BESS 

begins injecting power to its maximum capability (10 MW).  When the UFLS event 

occurs the BESS response is to reverse its output and start absorbing power thus opposing 

the recovery of the frequency deviation signal due to the load shed. As the BESS slowly 

decreases its power absorption the frequency deviation signal continues to increase.  

While the UFLS event occurs in order to restore the generation and load balances by 

removing load, the BESS counteracts this intended restoration by absorbing power 

(acting as a load) resulting in a very undesirable response.  The following section further 

explains the problem. 
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 MOTIVATION FOR MODIFIED LEAD COMPENSATOR 5.3.3

As shown in the previous section, the standard lead compensator does not work 

well during UFLS events.  For sake of convenience, the block diagram of the BESS and 

the standard lead compensator and the overall transfer function, are reshown here in 

Figure 115 and equation (57), respectively. 

 

 

 
Figure 115: BESS LFC Model from Hawai'i Solar Integration Study, Final Technical 

Report for Maui [24]. 

 

(57)  ( )  −
 

 
 
      

      
 

The transfer function G(s) in equation (57) is comprised of a normal lead 

compensator with a gain and a single pole and a single zero and a proportional controller. 

The transfer function G(s) can be rewritten as shown in equation (58), where K0 and K1 

are defined in equations (59) and (60), respectively.   
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As expected for a lead compensator, equation (58) looks like a direct proportional 

term in parallel with a negative gain low pass filter (LPF).  In this case, the loss of 

generation causes the frequency to fall to a level that triggers the UFLS.  When the UFLS 

event occurs, the frequency deviation abruptly changes direction and starts increasing so 

the proportional term, K0, action works appropriately.  The problem occurs due to the 

LPF term which is negative and still responding to the perturbations that happened 20 to 

30 seconds ago.  The output of the proportional term and the LPF term will cancel each 

other for a while until the LPF output has the opposite sign from the proportional output.  

The subtraction of the LPF path from the proportional path does not work well with 

UFLS events as it causes the BESS to reduce output with this controller.   

This case demonstrated that when the UFLS event attempts to restore the balance 

of generation and load in an under-frequency condition, the BESS response counter acts 

the correction and begins acting like a load that was just removed (shed).  The same 

response is observed when there is an over-frequency condition and the grid operator 

trips generation to restore balance, and thus frequency.  The BESS begins to inject power 

acting like a generator that was just removed (tripped). 

This BESS behavior, as illustrated in the previous case, is undesirable. Therefore 

a more robust modified lead compensator (MLC) was developed that prevents the BESS 

from counteracting the UFLS or generator trip events; this MLC was presented 
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previously in Chapter 3.  The transfer function and the block diagram for the MLC are 

presented here again in equation (61) and Figure 116, respectively. 
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Figure 116:  Modified lead compensator block diagram. 

The MLC transfer function, given in equation (61), has the same proportional 

term and a low pass filter term as the standard lead compensator.   However, the MLC 

includes the Mod parameter as part of the LPF term.  The Mod parameter is implemented 

to zero out part of the standard lead compensator for high values of frequency deviation. 

The Modifier Logic sets the Mod parameter for large frequency deviations, thus the low 

pass filter term will be set to zero to improve the performance in the UFLS case. 

 

 EXAMPLE CASE 5: UFLS WITH BESS PROVIDING LFC VIA MODIFIED LEAD 5.3.4

COMPENSATOR 

The sequence of events for Example Case 5 is identical to that of Example Case 4 

that causes the UFLS event: 

 At time 1.0 second, 30 MW of generation is tripped off-line due to an over speed 

wind event.    

 At time 20.0 seconds, another 16.4 MW generation is tripped off-line. 
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 At time 30.0 seconds, another 3.0 MW generator is tripped.  

The improved performance of the MLC can be seen in the frequency deviation in 

Figure 117 and the BESS response in Figure 118.  At time 76 seconds, the frequency has 

fallen to 58.7 Hz which triggers the automatic load shedding. This time the frequency 

recovered to 59.8, compared to 58.96 Hz in Case 4 before the recovery was stymied by 

the BESS response. 

 

 
Figure 117: Example Case 5—Frequency Deviation, UFLS and BESS providing LFC 

with modified lead compensator. 

In Figure 118, the Mod parameter feature stops the BESS lead compensator from 

opposing the rise in frequency due to UFLS.  The UFLS load shedding restores the 

frequency and the BESS does not absorb power, but helps restore the frequency. 
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Figure 118: Example Case 5—BESS response, UFLS and BESS providing LFC with 

modified lead compensator. 

 

 Droop Control 5.4

Droop control is proportional control, whose process variable is frequency. 

Proportion control is well understood and described in many publications, therefore only 

a short description of the droop settings that are used with the BESS are presented in this 

section. Figure 119 shows the BESS power output as a function of frequency.  
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Figure 119:   Droop Control, BESS output as function of frequency. 

In an over-frequency condition the BESS will absorb power.  As the frequency 

moves upward away from the nominal setpoint of 60 Hz the BESS linearly increases its 

charging rate until the BESS reaches it maximum absorption of 10 MW when the 

frequency is 62.4 Hz.  Conversely, in an under-frequency condition the BESS will inject 

power into the microgrid.  When the frequency moves down away from 60 Hz the BESS 

increases its discharging rate until the BESS reaches it maximum delivery of 10 MW 

when the frequency is 57.6 Hz.  This is a 4% droop curve; a 4% frequency deviation from 

the setpoint results in 100% charge or discharge. 

 EXAMPLE CASE 6: BESS PROVIDING DROOP CONTROL 5.4.1

At time 1.0 second, the full 10.5 MW of generation is tripped off-line.  The 

frequency deviation is shown in Figure 120, and the BESS response to the frequency 

deviation is shown in Figure 121. Its oscillatory response is typical of proportional 

control. 
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Figure 120: Example Case 6—Frequency Deviation with BESS providing droop 

control. 

 
Figure 121: Example Case 6—BESS response with BESS providing droop control. 
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 Control Strategies Summary 5.5

This chapter demonstrated the behavior of droop control, ramp rate control, lead 

compensator and the modified lead compensator by providing a series of example cases 

using a Test Microgrid. Further it justified the need for the modified standard lead 

compensator.  In the next chapter a set of simulated case studies are presented, and the 

results are used to compare the control strategies in terms of their ability to reduce the 

magnitude and variation of frequency deviations on the microgrid. 
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CHAPTER 6  
SIMULATIONS AND CASE STUDIES 

This chapter presents a set of case studies that compares the ramp rate control, 

MLC, and droop control strategies.  Section 6.1 describes the simulation tool. Each case 

study is described in subsequent sections. These results quantify the effectiveness of the 

three strategies to reduce frequency variability and thus reduce the cycling needed by the 

thermal generation unit to balance load and generation. 

 PSS®E Simulations 6.1

The modeling and simulation software used to conduct the simulated case studies 

is Siemens Power Technologies International (PTI) PSS®E.  PSS®E is a positive 

sequence time-domain simulation tool. Since its introduction in 1976, the PSS®E tool 

has become the most widely used commercial program of its type.  

The models described in Chapter 3 and Chapter 4 were developed for use with or 

were included with PSS®E.  The machine, governor, and exciter models of the thermal 

generator models were included in the PSS®E library. The GE wind turbines model and 

WT4 user-written generic model were directly downloaded from Siemens PTI website.  

The reader is referred to the "PSSE 33.0 Program Operation Manual” for more details.  

The BESS model is a user-written model developed for this thesis, and therefore more 

information about the setup and initialization of the BESS model will be presented. 

The two PSS®E modules used to conduct the simulations are the Power Flow 

module and Dynamic Simulation module, and these two modules are presented in 

subsequent sections.  
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 POWER FLOW MODULE 6.1.1

The power flow module (also known as load flow) is used to solve the steady 

state operating case.  Input data is contained in the raw data file (the .raw file). The output 

file, which contains the converged power flow data for the remote microgrid, is in the 

saved case file (the .sav file).  This file provides the initial conditions for dynamic 

simulations.  

The initial power flow conditions for all case studies presented in this chapter are 

given in Table 64.  Initially (at time zero) the 96.7 MW load exactly matches generation 

thus the frequency is exactly 60.0 Hz.  All three wind plants, NWM, EWP1, and EWP2, 

are online and delivering real power.  Two base-load (non-regulating) units are online, 

MC&S and K3, and both units are single boiler steam turbine generators.  M14 (CT), 

M15 (HRSG), M16 (CT) are all online and operating together in dual-train combined 

cycle mode.  M17 (CT) and M18 (HRSG) are online and operating together in single-

train combined cycle.  M19 (CT) was modeled as operating in simple cycle mode.  All 

LM2500 combustion turbines (M14, M16, M17, and M19) are regulating units.  The 

associated HRSG are not considered regulating units, but their output follows the CT.  

M10 (reciprocating engine generator) is online and performing regulation.  The initial 

amount of UP-REG (Max. operating point - initial power out) is 20.22 MW and the initial 

amount of DOWN-REG is (initial power out – Min operating point) is 14.55 MW.  
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Unit 

Name 

Max. 

Operating 

Point 

(MW) 

Min. 

Operating 

Point 

(MW) 

Online 

(committed) 

during 

simulation 

Initial 

Condition for 

Simulation 

(MW) 

Providing 

Regulation 

during 

simulation 

NWP 21.00 0.00 Yes 14.57 No 

EWP1 30.00 0.00 Yes 20.81 No 

EWP2 21.00 0.00 Yes 11.34 No 

MC&S 13.00 8.00 Yes 13.00 No 

K1  5.00 2.50 No 0.00 No 

K2  5.00 2.50 No 0.00 No 

K3  11.50 7.50 Yes 11.50 No 

K4  12.50 7.50 No 0.00 No 

X1  2.50 2.50 No 0.00 No 

X2  2.50 2.50 No 0.00 No 

M1  2.50 2.50 No 0.00 No 

M2  2.50 2.50 No 0.00 No 

M3  2.50 2.50 No 0.00 No 

M4  5.60 2.00 No 0.00 No 

M5  5.60 2.00 No 0.00 No 

M6  5.60 2.00 No 0.00 No 

M7  5.60 2.00 No 0.00 No 

M8  5.60 2.00 No 0.00 No 

M9  5.60 2.00 No 0.00 No 

M10  12.50 8.00 Yes 6.29 Yes 

M11  12.50 8.00 No 0.00 No 

M12  12.50 8.00 No 0.00 No 

M13  12.50 8.00 No 0.00 No 

M14  19.00 14.50 Yes 17.21 Yes 

M15  15.00 11.00 Yes 12.53 Indirectly 

M16  19.00 14.50 Yes 17.28 Yes 

M17  19.00 16.00 Yes 15.85 Yes 

M18  15.00 3.00 Yes 15.92 Indirectly 

M19  19.00 16.00 Yes 11.65 Yes 

Table 64:  Initial Conditions for Case Studies. 

 DYNAMIC SIMULATION MODULE 6.1.2
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The dynamic simulation module includes all the functionality for transient, 

dynamic and long term stability analysis.  The dynamic data for the system components 

and their controllers are contained in the PSS/E Dynamic Data File, sometimes referred 

to as the DYRE (the .dyr file).  The dynamic simulation is saved in the “snap shot” file 

(the .snp file) and the results are sent to the “POUT”, output file (the .out file).  The 

dynamic simulations are conducted by selecting a “disturbance” to the model.  The Hour 

4261 is used as the “disturbance” to the model.  The wind power for Hour 4261 is re-

shown here in Figure 122. 

 

 
Figure 122:  Real power output from wind plant during most volatile hour (Hour 4261) 

used as the Wind Profile Model for the Wind Plant models. 
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 SETUP AND INITIALIZATION OF BESS 6.1.3

The bus where the BESS unit is located is modeled as a load bus (type 1 in 

PSS/E) in the power flow study. For true BESS steady state conditions the real power 

load of the bus must be modeled as 0.0 MW in the load flow solution, because in steady 

state there is no change in frequency and there is no change is real power from the WTG 

therefore there should be no power flowing into or out of the BESS.  If the load flow case 

results do not show 0.0 MW the dynamic simulation will not initialize properly.  The 

reader should note that all simulation results presented in this chapter have the initial 

power from the BESS at 0.0 MW.  A list of the parameters and descriptions of the 

parameters for the BESS dynamic data file are given in Table 65. 

 

Constant Value Name Constant Value Description Value Used 

Allowable_RR Maximum allow ramp rate of Ptot 

Simulation 

Dependent 

CONTROL_MODE 

 Enable/Disable BESS Controls. 0 is no 

BESS output. 1 is ramp rate control, 2 is 

MLC, 3 Both ramp rate and MLC, 4 is 

droop 

Simulation 

Dependent 

BESS_Bus#  BESS bus Number 803 

Controlled Bus# 
 Bus # of controlled bus frequency or ramp 

rate. 
804 

DBLower 

Lower deadband value (Hz) for MLC 

control. 0.1 

DBUpper 

Upper deadband value (Hz) for MLC 

control. Set upper and lower deadband 

values equal to zero to disable the 

deadband function.  0.1 

Kd Kd, for AVR in CBEST model, Not used 0 

PercentR Droop control gain as decimal 0.04 

ESSMAX  Maximum battery charge in MWH 2.5 

ESSMIN 
 Minimum battery charge in MWH 

(normally 0.0 MWH) 
0 
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Constant Value Name Constant Value Description Value Used 

ExcRRdown 

 The down ramp rate assigned to DownRR 

if SOC is higher than SOCDB upper limit. 

Always a negative number. 

-

Allowable_RR 

ExcRRup 

 The up ramp rate assigned to UpRR if 

SOC is lower SOCDB lower limit. Always 

a positive number. Allowable_RR 

Wind_Bus# Bus of Wind Plant 802 

Iacmax Short Circuit rating of PCS (kA) 13 

InEff 

Efficiency of BESS system while 

discharging 0.85 

IQmax Maximum Reactive current 0 

Mbase 

Machine power base, equal to the devices 

rated apparent power (MVA) 10 

MinRRdown  

 The down ramp rate assigned to DownRR 

if SOC is lower than SOCDB lower limit. 

Always a negative number. 0.1 

MinRRup  

 The up ramp rate assigned to UpRR if 

SOC is higher SOCDB upper limit. Always 

a positive number. 0.1 

OutEff Efficiency of BESS system while charging 0.85 

PCS DELAY 

PCS Delay between time (s) power 

injection is requested and PCS injects 

power. 

0.0085 

PF 
 Power Factor for max VAr generation of 

BESS 
1 

Pinit 

Initial power out a time equal zero of 

simulation 0 

Pmax 
 Maximum rated real power in and out of 

BESS in MW 
10 

R  (1/R)Gain term for MLC  0.24 

Sbase System Apparent power base (MVA) 10 

SmthRRdown  

 The down ramp rate assigned to DownRR 

if SOC within SOCDB limit. Always a 

negative number. 0.3 

SmthRRup  

 The up ramp rate assigned to UpRR if 

SOC within SOCDB limit. Always a 

positive number. 0.3 

SOCDB  
Dead band variable set at  around Target 

SOC (SOCTgt) as % 10 
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Constant Value Name Constant Value Description Value Used 

SOCinit 
Initial Battery Charge State  a fraction 

between 0.00 and 1.00 
0.5 

SOCMAX Battery maximum state of charge 0.9 

SOCMIN Battery minimum state of charge 0.1 

SOCTgt Nominal battery state of charge 0.5 

Tld 
Numerator time constant for lead 

compensator 
6000 

Tlg 
Denominator time constant for lead 

compensator 
300 

Vmax 

Maximum voltage for PCS, 1.2 per unit on 

MBASE 576 

Vmin 

Minimum voltage for PCS, 0.8 per unit 

MBASE 384 

Table 65:  Parameter values and descriptions of the parameters for the BESS dynamic 

data file. 

 Case Studies and Simulation Results 6.2

All of the following case studies were conducted using the Wind Profile Model, 

as described in Chapter 4, which provides a 1-hour time series of wind speed inputs to the 

Wind Plant models.  The two control schemes, ramp rate control and a modified lead 

compensator are compared on the basis of how effective each methodology is at 

minimizing frequency variation.  Additionally, use of both ramp rate control and a 

modified lead compensator simultaneously is simulated and compared with the other 

methodologies. And finally, droop control is also simulated compared to the other 

methodologies.  The names and descriptions of the simulated case studies are given in 

Table 66. 
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Simulation Description 

Base Case  Baseline case study with no BESS 

Case Study 1A BESS is used only to provide Ramp Rate Control, 1.0MW/min 

Case Study 1B BESS is used only to provide Ramp Rate Control, 0.5MW/min 

Case Study 2  BESS with the modified lead compensator 

Case Study 3A BESS with the modified lead compensator and  Ramp Rate 

Control, 1.0MW/min 

Case Study 3B BESS with the modified lead compensator  Ramp Rate Control, 

0.5MW/min 

Case Study 4 BESS is used only to provide Droop Control 

Table 66:  Simulated case study names and descriptions. 

 METRICS FOR COMPARISON 6.2.1

  For each case study and respective sensitivities, the following metrics of 

frequency variation were used to make the comparison.  The severity of the frequency 

variability was estimated based on the RMS calculation of the variation with respect to an 

average using the same method described in Chapter 4, Section 4.4.5.7.   Table 67 

contains the metrics and descriptions in terms of frequency deviations. 

 

Metric Description 

Frequency-Min (Hz) Minimum frequency seen during the hour. 

Frequency-Max (Hz) Maximum frequency seen during the hour. 

Frequency-RMS (mHz) RMS of frequency deviations with respect to 

nominal (60 Hz) 

Frequency-RMS1 (mHz) RMS of frequency deviations with respect to a 

moving average of one-minute. 

Frequency-RMS5 (mHz) RMS of frequency deviations with respect to a 

moving average of five-minutes. 

Frequency- RMS20 (mHz) RMS of frequency deviations with respect to a 

moving average of twenty-minutes. 

Table 67:  Frequency Metrics for Comparison of Control Strategies. 

Additionally, the variability of the regulating thermal units was estimated using 

the same RMS calculation method used to gauge the frequency variability and described 
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in Chapter 4, Section 4.4.5.7.  Table 68 contains the metrics and descriptions in terms of 

power deviations of the regulating thermal units.  The sum of all regulating thermal units 

is analyzed and P-RMS1, P-RMS5, RMS20 values are calculated for each case study. 

 

Metric Description 

Power-RMS1 (MW) RMS of power deviations with respect to a 

moving average of one-minute. 

Power-RMS5 (MW) RMS of power deviations with respect to a 

moving average of five-minutes. 

Power- RMS20 (MW) RMS of power deviations with respect to a 

moving average of twenty-minutes. 

Table 68:  Power Metrics for Comparison of Control Strategies. 

 BASE CASE: BASELINE, NO BESS 6.2.2

The Base Case is the baseline with no BESS; the CONTROL_MODE parameter 

in the dynamic data file was set to 0.  A graph showing the frequency over time with no 

BESS providing regulation is shown in Figure 123. 
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Figure 123: Base Case—Frequency Plot, No BESS. 

A summary of the frequency volatility metrics for the Base Case are presented in 

Table 69.  The Base Case had a maximum frequency deviation of 10 mHz in the upward 

direction, and the frequency dipped down to 59.92 Hz during the hour. 

 

 
Table 69: Base Case— Metrics for frequency variation, No BESS. 

The outputs of the thermal units are shown in Figure 124.  For this case, all 

regulation comes from the thermal units since there is no BESS action.  The CT pairs 

(M14 and M16) and (M17 and M19) are modeled the same, resulting in responses so 

similar that they lay on top of each other.  Therefore one CT from each pair is shown 

with a dashed line so that the other CT of the pair is still visible.  The sum of the thermal 

regulating units (all shown in Figure 124 with the exception of MC&S and K3), is 

Simulation

BESS 

Strategy BESS Settings

Max 

Frequency 

(Hz)

Min 

Frequency 

(Hz)

f-RMS 

(mHz)

f-RMS1 

(mHz)

f-RMS5 

(mHz)

f-RMS20 

(mHz)

Base Case None NA 60.10 59.92 39 14 25 27
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analyzed to assess the volatility of the cycling due to wind power disturbance while 

acting as regulating reserves, and the results are shown in Table 70. 

 

 
Figure 124: Base Case—Thermal unit outputs, No BESS. 

The power fluctuations of the thermal units as characterized by the RMS volatility 

calculation for the Base Case indicate that with no BESS providing regulation, the RMS 

of power deviations with respect to a moving average of one-minute, five-minute and 

twenty-minutes are 0.56 MW, 1.36 MW, and 1.67 MW, respectively.  These values will 

be used for comparison of the various control strategies. 
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Simulation 

BESS 

Strategy BESS Settings 

P-

RMS1 

(MW) 

P-

RMS5 

(MW) 

P-

RMS20 

(MW) 

Base Case  None NA 0.56 1.36 1.67 

 Table 70: Base Case— Power metrics of regulating thermal unit results, No BESS. 

 CASE STUDY 1: RAMP RATE CONTROL WITH BESS 6.2.3

In Case Study 1 the BESS is used only to provide Ramp Rate Control.  Two 

sensitivities were conducted: the ramp rate limits were set at 1 MW and 0.5 MW per 

minute for Cases 1A and 1B, respectively.  Collectively these cases will be referred to as 

the “ramp rate cases”. 

6.2.3.1 Case Study 1A 

In Case Study 1A, the BESS is operating in Ramp Rate control mode with the 

CONTROL_MODE parameter in the dynamic data file set to 1. The maximum allowable 

ramp rate limit is set to 1 MW per minute, so the Allowable_RR parameter in the 

dynamic data file was set to 1. The parameter values used that are unique to this case 

study are presented in Table 71. 

 

Constant Value Name Constant Value Description Value Used 

Allowable_RR Maximum allow ramp rate of Ptot 
1 MW / min 

CONTROL_MODE 

 Enable/Disable BESS Controls. 0 is 

no BESS output. 1 is ramp rate control, 

2 is MLC, 3 Both ramp rate and MLC, 

4 is droop 

1 

Table 71: Case Study 1A—Unique model parameters, BESS providing ramp rate 

control with ramp rate limit set to 1MW per minute. 

While performing ramp rate control, the BESS is responding to the rate of change 

of the output of the NWP wind plant such that the combination of the BESS and the 
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NWP wind plant are limited to a combined output of 1 MW per minute.  By reducing the 

variability of the wind plant, the volatility of the frequency is also reduced.  

 

 
Figure 125:  Case Study 1A—BESS Output, BESS providing ramp rate control with 

ramp rate limit set to 1MW per minute. 

For Case Study 1A the BESS output and frequency during the hour are shown in 

Figure 125 and Figure 126, respectively.   
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Figure 126: Case Study 1A—Frequency Plot, BESS providing ramp rate control with 

ramp rate limit set to 1MW per minute. 

The metrics used for comparison of frequency mitigation are presented in Table 

72.  Case Study 1A has the same maximum and minimum frequencies as the Base Case.  

As one would expect, with the BESS providing Ramp Rate control (1 MW /min. limit) all 

of the RMS calculations of the frequency variation were lower than in the Base Case. 

 

 
Table 72: Case Study 1A—Metrics for frequency variation, BESS providing ramp rate 

control with ramp rate limit set to 1MW per minute. 

The outputs of the thermal units for the hour are shown in Figure 127. In addition 

to reducing the frequency volatility as compared to the Base Case the ramp rate control 

reduces the volatility of the power output of the thermal regulating units. 

Simulation

BESS 

Strategy BESS Settings

Max 

Frequency 

(Hz)

Min 

Frequency 

(Hz)

f-RMS 

(mHz)

f-RMS1 

(mHz)

f-RMS5 

(mHz)

f-RMS20 

(mHz)

Case Study 1A Ramp Rate 1 MW/min 60.10 59.92 38 13 23 26
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Figure 127:  Thermal unit outputs, Case Study 1A, BESS providing ramp rate control 

with ramp rate limit set to 1MW per minute. 

The power fluctuations of the thermal units as characterized by the RMS volatility 

calculations for Case Study 1A are shown in Table 73.  There is a reduction in all power 

fluctuation volatility metrics compared to the Base Case. 
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Simulation 

BESS 

Strategy BESS Settings 

P-

RMS1 

(MW) 

P-

RMS5 

(MW) 

P-

RMS20 

(MW) 

Case Study 1A 

Ramp 

Rate 1 MW/min 0.46 1.19 1.6 

Table 73:  Case Study 1A—Power metrics of regulating thermal unit results, BESS 

providing ramp rate control with ramp rate limit set to 1MW per minute. 

6.2.3.2 Case Study 1B 

Case Study 1B limits the ramp rate to 0.5 MW per minute.  The parameter values 

used that are unique to this case study are presented in Table 74. 

 

Constant Value Name Constant Value Description Value Used 

Allowable_RR Maximum allow ramp rate of Ptot 
0.5 MW / min 

CONTROL MODE 

 Enable/Disable BESS Controls. 0 is 

no BESS output. 1 is ramp rate control, 

2 is MLC, 3 Both ramp rate and MLC, 

4 is droop  

1 

Table 74:  Case Study 1B—Unique model parameters, BESS providing ramp rate 

control with ramp rate limit set to 0.5 MW per minute. 

The frequency and BESS output during the hour are plotted in Figure 128 and 

Figure 129, respectively. 
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Figure 128: Case Study 1B—Frequency Plot, BESS providing ramp rate control with 

ramp rate limit set to 0.5MW per minute. 

 
Figure 129: Case Study 1B—BESS Output, BESS providing ramp rate control with 

ramp rate limit set to 0.5MW per minute. 

The metrics for comparison of frequency deviation are presented in Table 75.  
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Table 75:  Case Study 1B—Metrics for frequency variations, BESS providing ramp 

rate control with ramp rate limit set to 0.5 MW per minute. 

With ramp rate limit reduced to 0.5 MW per minute, the frequency range was 

tighter than when operating with the ramp rate limit a 1 MW per minute with a maximum 

of 60.09 Hz and a minimum 59.93 Hz.  All the RMS calculations of the frequency 

variation were lower than for Case Study 1A. 

Figure 130 shows the outputs of the thermal units during the hour for Case Study 

1B.  When comparing Figure 127 and Figure 130, the fluctuations from the regulating 

CTs is reduced when the BESS is limiting the rate of change of NWP to 0.5 MW per 

minute (Figure 130).  

Simulation

BESS 

Strategy BESS Settings

Max 

Frequency 

(Hz)

Min 

Frequency 

(Hz)

f-RMS 

(mHz)

f-RMS1 

(mHz)

f-RMS5 

(mHz)

f-RMS20 

(mHz)

Case Study 1B Ramp Rate 0.5 MW/min 60.09 59.93 37 12 21 24
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Figure 130: Case Study 1B—Thermal unit outputs, BESS providing ramp rate control 

with ramp rate limit set to 0.5 MW per minute. 

The power fluctuations of the thermal units as characterized by the RMS volatility 

calculations for Case Study 1B are shown in Table 76.  As expected, by reducing the 

maximum ramp rate limit from 1.0 MW per minute down to 0.5 MW per minute there is 

a reduction in all of the power fluctuation volatility metrics compared to Case Study 1A. 
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Simulation 

BESS 

Strategy BESS Settings 

P-

RMS1 

(MW) 

P-

RMS5 

(MW) 

P-

RMS20 

(MW) 

Case Study 1B 

Ramp 

Rate 0.5 MW/min 0.43 1.1 1.56 

Table 76: Case Study 1B—Power metrics of regulating thermal unit results, BESS 

providing ramp rate control with ramp rate limit set to 0.5 MW per minute. 

When comparing Figure 127 and Figure 130, the scale is such that the reduction 

in power fluctuation is hard to discern.   Figure 131 shows the GE LM2500 CT, M17 for 

the Base Case and Case Studies 1A and 1B.  Figure 132 shows the Mitsubishi 

reciprocating engine generator for the same Case Studies. These plots allow the reader to 

see the reduction in power fluctuation between the three cases in more detail.  These two 

thermal units were chosen because their outputs display the most noticeable reductions in 

power fluctuations.  The power fluctuation reduction is most noticeable with M10 (Figure 

132). 
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Figure 131: M17 output for Base Case and Case Studies 1A and 1B. 

 
Figure 132:  M10 output for Base Case and Case Studies 1A and 1B. 

 CASE STUDY 2: MODIFIED LEAD COMPENSATOR  6.2.4

In Case Study 2 the BESS is operating with the modified lead compensator, and 

will be referred to as “the MLC only” case.  The CONTROL_MODE parameter in the 
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dynamic data file was set to 1.  The parameters for the MLC are reiterated here in Table 

77. 

 

Constant Value Name Constant Value Description Value Used 

R  (1/R) Gain term for MLC 0.24 

Tld Numerator time constant for lead compensator 6000 

Tlg 
Denominator time constant for lead 

compensator 
300 

Table 77:  Case Study 3—MLC parameter values, BESS providing LFC via MLC. 

For this case study with the BESS providing LFC with the MLC, the frequency 

and BESS output plots for the hour are shown in Figure 133 and Figure 134, respectively. 

The metrics are presented in Table 78. 

 

 
Figure 133: Case Study 2—Frequency Plot, providing LFC via MLC. 
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Figure 134: Case Study 2—BESS output, BESS providing LFC via MLC. 

 

The total remote microgrid frequency range (difference between the maximum 

and minimum values) when the BESS is providing LFC via MLC is tighter than both 

ramp rate control cases (Case Studies 1A and 1B). There is a significant reduction in the 

volatility (as defined in this thesis) when compared to the ramp rate cases and the base 

case. 

 

 
Table 78:  Case Study 2—Metrics for frequency variations, BESS providing LFC via 

MLC. 

Thermal unit outputs for Case Study 2 are shown in Figure 135.  The amount of 

power cycling is noticeably reduced when comparing to the previous cases.  The power 

volatility reduction is especially noticeable when looking at the CT plots. 

Simulation

BESS 

Strategy BESS Settings

Max 

Frequency 

(Hz)

Min 

Frequency 

(Hz)

f-RMS 

(mHz)

f-RMS1 

(mHz)

f-RMS5 

(mHz)

f-RMS20 

(mHz)

Case Study 2 MLC

4 % droop, 

Tld=6000, Tlg 300 60.06 59.95 31 5 12 14
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Figure 135: Case Study 2—Thermal unit output, BESS providing LFC via MLC. 

The power fluctuations of the thermal units as characterized by the RMS volatility 

calculations for Case Study 2 are given in Table 79. There are reductions in all power 

fluctuation calculations when comparing the MLC only case study results to the ramp 

rate cases. 
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Simulation 

BESS 

Strategy BESS Settings 

P-

RMS1 

(MW) 

P-

RMS5 

(MW) 

P-

RMS20 

(MW) 

Case Study 2  MLC 

4 % droop, 

Tld=6000, Tlg 300 0.22 0.56 1.01 

Table 79: Case Study 2—Power metrics of regulating thermal unit results, BESS 

providing LFC via MLC. 

Figure 136 shows the GE LM2500 CT, M17 for the Base Case and Case Study 2.  

Figure 137 shows the Mitsubishi reciprocating engine generator (M10) for the Base Case 

and Case Study 2. In both plots, the Case Study 2 results have much smaller perturbations 

than in the Base Case. 

 

 
Figure 136: M17 output for Base Case and Case Study 2. 
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Figure 137:  M10 output for Base Case and Case Study 2. 

 CASE STUDY 3: MODIFIED LEAD COMPENSATOR AND RAMP RATE CONTROL 6.2.5

WITH BESS 

In Case Study 3 the BESS provides LFC with both the MLC and ramp rate 

control.  The sum of the two controllers is used as the real power command sent to the 

PCS as described Chapter 3.   Two sensitivities were conducted for Case Study 3; Case 

3A and 3B with the ramp rate limits set at 1 MW and 0.5 MW per minute, respectively.  

Collectively these cases will be referred to as “the combined cases”. 

6.2.5.1 Case Study 3A: Combined MLC and Ramp Rate with 1 MW / Min. Limit 

In this case the combined control strategy is used with the maximum allowable 

ramp rate limit set to 1 MW per minute for the Ramp Rate Controller.  The parameter 

values for the combined cases are listed in Table 80.   
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Constant Value Name Constant Value Description Value Used 

Allowable_RR Maximum allow ramp rate of Ptot 1 MW / min 

CONTROL_MODE  Enable/Disable BESS Controls. 0 is no 

BESS output. 1 is ramp rate control, 2 is 

MLC, 3 Both ramp rate and MLC, 4 is 

droop 

3 

R  (1/R) Gain term for MLC 0.24 

Tld Numerator time constant for lead 

compensator 

6000 

Tlg Denominator time constant for lead 

compensator 

300 

Table 80:  Case Study 3A—BESS model parameters, BESS providing combined MLC 

and ramp rate control with limit set to 1MW per minute. 

The frequency and BESS output plots are presented in Figure 138 and Figure 139, 

respectively.  The results for the volatility calculations are given in Table 81. 

  

 
Figure 138: Case Study 3A—Frequency Plot, BESS providing combined MLC and 

ramp rate control with limit set to 1MW per minute. 
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Figure 139: Case Study 3A—BESS output, BESS providing combined MLC and ramp 

rate control with limit set to 1MW per minute. 

The addition of ramp rate control yielded the same frequency range as Case Study 

2, where the BESS only provided MLC.  The RMS values of frequency volatility did not 

substantially improve over Case Study 2. The f-RMS1 and f-RMS20 results were exactly 

the same as in the MLC only case.  The f-RMS value saw a 3.2% (change from 31 to 30) 

improvement and f-RMS5 value saw a 16.7% improvement (change from 12 to 10). 

 

 
 Table 81:  Case Study 3A—Metrics for frequency variations, BESS providing 

combined MLC and ramp rate control with limit set to 1MW per minute. 

The outputs of the thermal units for Case Study 3A are shown in Figure 140.  This 

combined case reduces the volatility of the power output of the thermal regulating units. 

 

Simulation

BESS 

Strategy BESS Settings

Max 

Frequency 

(Hz)

Min 

Frequency 

(Hz)

f-RMS 

(mHz)

f-RMS1 

(mHz)

f-RMS5 

(mHz)

f-RMS20 

(mHz)

Case Study 3A Combined

4 % droop, 

Tld=6000, Tlg 300, 

1 MW/min 60.06 59.95 30 5 10 14
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Figure 140:  Case Study 3A—Thermal unit output, BESS providing combined MLC 

and ramp rate control with limit set to 1MW per minute. 

The power fluctuations of the thermal units as characterized by the RMS volatility 

calculations for Case Study 3A are shown in Table 82.  There is a reduction in all power 

fluctuation volatility metrics compared to the base case, ramp rate control cases, and 

MLC only case.  
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Simulation 

BESS 

Strategy BESS Settings 

P-

RMS1 

(MW) 

P-

RMS5 

(MW) 

P-

RMS20 

(MW) 

Case Study 3A Combined 

4 % droop, 

Tld=6000, Tlg 

300, 1 MW/min 0.19 0.49 0.99 

Table 82: Case Study 3A—Power metrics of regulating thermal unit results, BESS 

providing combined MLC and ramp rate control with limit set to 1MW per minute. 

6.2.5.2 Case Study 3B: Combined MLC and Ramp Rate with 0.5 MW / Min. Limit 

In this case the combined control strategy is used with the maximum allowable 

ramp rate limit set to 0.5 MW per minute for the Ramp Rate Controller.  The parameter 

values used in this case are presented in Table 83. 

 

Constant Value Name Constant Value Description Value Used 

Allowable_RR Maximum allow ramp rate of Ptot 0.5 MW / min 

CONTROL_MODE  Enable/Disable BESS Controls. 0 is no 

BESS output. 1 is ramp rate control, 2 is 

MLC, 3 Both ramp rate and MLC, 4 

Droop 

3 

R  (1/R) Gain term for MLC 0.24 

Tld Numerator time constant for lead 

compensator 

6000 

Tlg Denominator time constant for lead 

compensator 

300 

Table 83:  Case Study 3B—BESS model parameters, BESS providing combined MLC 

and ramp rate control with limit set to 0.5MW per minute  

The frequency and the BESS output plots for Case Study 3B are shown in Figure 

141 and Figure 142, respectively.  
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 Figure 141: Case Study 3B—Frequency plot, BESS providing combined MLC and 

ramp rate control with limit set to 0.5MW per minute 

 

 
Figure 142: Case Study 3B—BESS output,  BESS providing combined MLC and 

ramp rate control with limit set to 0.5MW per minute 
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The frequency deviation mitigation results are given in Table 84.  There was no 

change in the frequency range between Case Studies 3A and 3B.  There was no reduction 

in the frequency range in the combined cases when compared to the MLC only case.  The 

RMS values of frequency volatility did not substantially improve over Case Study 3A or 

Case Study 2, the MLC only case.  

 

 
Table 84:  Case Study 3B—Metrics for frequency variations, BESS providing 

combined MLC and ramp rate control with limit set to 0.5MW per minute  

The outputs of the thermal units for Case Study 3B, shown in Figure 143, 

illustrate the reduced volatility of the power output of the thermal regulating units. 

 

Simulation

BESS 

Strategy BESS Settings

Max 

Frequency 

(Hz)

Min 

Frequency 

(Hz)

f-RMS 

(mHz)

f-RMS1 

(mHz)

f-RMS5 

(mHz)

f-RMS20 

(mHz)

Case Study 3B Combined

4 % droop, 

Tld=6000, Tlg 300, 

0.5 MW/min 60.06 59.95 30 5 9 13
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Figure 143: Case Study 3B—Thermal unit output, BESS providing combined MLC 

and ramp rate control with limit set to 0.5MW per minute  

The power fluctuations of the thermal units as characterized by the RMS volatility 

calculations for Case Study 3B are shown in Table 85.  There is a slight reduction in all 

of the power fluctuation volatility metrics compared to the Base Case, ramp rate control 

cases, MLC only case, and Case Study 3A. 

 

 
Table 85: Case Study 3B—Power metrics of regulating thermal unit, BESS providing 

combined MLC and ramp rate control with limit set to 0.5MW per minute  

Figure 144 shows the GE LM2500 CT, M17 for the Base Case and Case Studies 

3A and 3B.  Figure 145 shows the Mitsubishi reciprocating engine generator for Base 

Case and Case Studies 3A and 3B. In both plots there are noticeable improvements over 

Simulation

BESS 

Strategy BESS Settings

Max 

Frequency 

(Hz)

Min 

Frequency 

(Hz)

f-RMS 

(mHz)

f-RMS1 

(mHz)

f-RMS5 

(mHz)

f-RMS20 

(mHz)

Case Study 3B Combined

4 % droop, 

Tld=6000, Tlg 300, 

0.5 MW/min 60.06 59.95 30 5 9 13
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the Base Case.  However there is little difference between Case Studies 3A and 3B 

therefore a dashed red line is used to represent 3B so that 3A is visible. 
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Figure 144: M17 output for Base Case and Case Studies 3A and 3B. 

 
Figure 145:  M10 output for Base Case and Case Studies 3A and 3B. 
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 CASE STUDY 4: DROOP CONTROL 6.2.6

In Case Study 4 the BESS is operating with droop control.  The 

CONTROL_MODE parameter in the dynamic data file was set to 4.  The parameters for 

the droop control are reiterated here in Table 86. 

 

Constant 

Value Name 

Constant Value Description Value Used 

PercentR Droop control gain as decimal 0.04 

Table 86: Case Study 4—Droop parameter values, BESS providing LFC via droop 

control. 

For this case study, the frequency and BESS output plots for the hour are shown 

in Figure 146 and Figure 147, respectively.  

 

 
Figure 146: Case Study 4—Frequency plot, BESS providing LFC via droop control. 
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Figure 147: Case Study 4—BESS output, BESS providing LFC via droop control. 

The metrics used to compare the control strategies are presented in Table 87.  The 

total remote microgrid frequency range when the BESS is providing LFC via droop is the 

same as the Base Case. There is a no significant reduction in the frequency volatility 

when compared to the Base Case. 

 

 
Table 87:  Case Study 4—Metrics for frequency variations, BESS providing LFC via 

droop control. 

Thermal unit output for Case Study 4 while the BESS is providing LFC via droop 

control is shown in Figure 148.  The amount of power cycling is not noticeably reduced 

when comparing to the previous cases.   

 

Simulation

BESS 

Strategy BESS Settings

Max 

Frequency 

(Hz)

Min 

Frequency 

(Hz)

f-RMS 

(mHz)

f-RMS1 

(mHz)

f-RMS5 

(mHz)

f-RMS20 

(mHz)

Case Study 4 Droop 4% droop 60.10 59.92 39 14 25 26
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Figure 148: Case Study 4—Thermal unit output, BESS providing LFC via droop 

control. 

The power fluctuations of the thermal units as characterized by the RMS volatility 

calculations for Case Study 4 are given in Table 88. There is a slight reduction in all 

power fluctuations calculations for the droop case study compared to the Base Case.  

When compared to all other case studies (other than base case), droop case has highest 

level of power fluctuation of the thermal regulating units. 

 

Simulation 

BESS 

Strategy BESS Settings 

P-

RMS1 

(MW) 

P-

RMS5 

(MW) 

P-

RMS20 

(MW) 

Case Study 4 Droop 4% droop 0.52 1.27 1.58 

Table 88: Case Study 4—Power metrics of regulating thermal unit, BESS providing 

LFC via droop control. 

Figure 149 shows the GE LM2500 CT, M17 for the Base Case and Case Study 4.  

Figure 150 shows the Mitsubishi reciprocating engine generator for Base Case and Case 
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Study 4. The Case Study 4 trace is dashed blue line because there is little difference 

between the droop case and the Base Case such that the traces lay on top of one another. 

 

  
Figure 149: M17 output for Base Case and Case Study 4. 
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Figure 150:  M10 output for Base Case and Case Study 4. 

 Summary of Case Studies 6.3

A summary of the case studies for both frequency volatility and power volatility of 

the thermal regulating reserves are given in Table 89 and Table 90, respectively. 
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Table 89:  Summary for frequency volatility. 

 

 
Table 90:  Summary for power volatility of the regulating thermal unit. 

A summary of the percent reduction in frequency volatility over the Base Case is 

given in Table 91.  The results are given in order from least reduction to greatest 

reduction, i.e. least effective to most effective. Droop control (Case Study 4) shows little 

Simulation

BESS 

Strategy BESS Settings

Max 

Frequency 

(Hz)

Min 

Frequency 

(Hz)

f-RMS 

(mHz)

f-RMS1 

(mHz)

f-RMS5 

(mHz)

f-RMS20 

(mHz)

Base Case None NA 60.10 59.92 39 14 25 27

Case Study 1A Ramp Rate 1 MW/min 60.10 59.92 38 13 23 26

Case Study 1B Ramp Rate 0.5 MW/min 60.09 59.93 37 12 21 24

Case Study 2 MLC

4 % droop, 

Tld=6000, Tlg 300 60.06 59.95 31 5 12 14

Case Study 3A Combined

4 % droop, 

Tld=6000, Tlg 300, 

1 MW/min 60.06 59.95 30 5 10 14

Case Study 3B Combined

4 % droop, 

Tld=6000, Tlg 300, 

0.5 MW/min 60.06 59.95 30 5 9 13

Case Study 4 Droop 4% droop 60.10 59.92 39 14 25 26

Simulation

BESS 

Strategy BESS Settings

P-RMS1 

(MW)

P-RMS5 

(MW)

P-RMS20 

(MW)

Base Case None NA 0.56 1.36 1.67

Case Study 1A Ramp Rate 1 MW/min 0.46 1.19 1.6

Case Study 1B Ramp Rate 0.5 MW/min 0.43 1.1 1.56

Case Study 2 MLC

4 % droop, 

Tld=6000, Tlg 300 0.22 0.56 1.01

Case Study 3A Combined

4 % droop, 

Tld=6000, Tlg 300, 1 

MW/min 0.19 0.49 0.99

Case Study 3B Combined

4 % droop, 

Tld=6000, Tlg 300, 

0.5 MW/min 0.17 0.46 0.98

Case Study 4 Droop 4% droop 0.52 1.27 1.58
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to no reduction in frequency volatility over the Base Case.  Ramp rate control with the 

ramp rate limit of 0.5 MW / min. (Case Study 1B) has reductions approximately (as 

percentage) twice that of ramp rate control with the ramp rate limit of 1.0 MW / min 

(Case Study 1A).  MLC-only (Case Study 2) shows significant reduction in comparison 

to the ramp rate cases.  The combination of ramp rate control and MLC (Case Study 3) 

yields moderate improvements over the MLC-only case. 

 

 
Table 91: Percent reduction in frequency volatility over the Base Case. 

Figure 151 shows a comparison of the frequency plots for each case study to 

visually illustrate the reduction in frequency volatility and magnitude of frequency 

deviations of the various control strategies.  The effectiveness in ability to reduce the 

frequency volatility and magnitude of frequency deviations moves from least to most, left 

to right, top to bottom. 

Simulation

BESS 

Strategy BESS Settings

f-RMS 

(mHz)

f-RMS1 

(mHz)

f-RMS5 

(mHz)

f-RMS20 

(mHz)

Case Study 4 Droop 4% droop 0.00% 0.00% 0.00% -3.70%

Case Study 1A Ramp Rate 1 MW/min -2.56% -7.14% -8.00% -3.70%

Case Study 1B Ramp Rate 0.5 MW/min -5.13% -14.29% -16.00% -11.11%

Case Study 2 MLC

4 % droop, 

Tld=6000, Tlg 300 -20.51% -64.29% -52.00% -48.15%

Case Study 3A Combined

4 % droop, 

Tld=6000, Tlg 300, 

1 MW/min -23.08% -64.29% -60.00% -48.15%

Case Study 3B Combined

4 % droop, 

Tld=6000, Tlg 300, 

0.5 MW/min -23.08% -64.29% -64.00% -51.85%



 249 

Base Case

Case Study 1A Case Study 1B

Case Study 2 Case Study 3A

Case Study 3B

Case Study 4

 
Figure 151:  Frequency comparison of the case studies. 
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A summary of the percent reduction in regulating thermal unit power output 

volatility over the Base Case is given in Table 92.  The results are given in order from 

least reduction to greatest reduction, i.e. least effective to most effective. However, droop 

control has a greater reduction in the P-RMS20 metric than ramp rate control with the 

ramp rate limit of 1.0 MW / min.  Ramp rate control with the ramp rate limit of 0.5 MW / 

min. has reductions only slightly greater than that of ramp rate control with the ramp rate 

limit of 1.0 MW / min when compared to the Base Case.  MLC shows significant 

reductions in comparison to the ramp rate cases.  The combination of ramp rate control 

and MLC yields moderate improvements over the MLC-only case. 

 

 
Table 92: Percent reduction in regulating thermal unit power output volatility over the 

Base Case. 

Figure 152 shows a comparison of the thermal unit output plots for each case 

study to visually illustrate the reduction in power cycling volatility.  The effectiveness in 

Simulation

BESS 

Strategy BESS Settings

P-RMS1 

(MW)

P-RMS5 

(MW)

P-RMS20 

(MW)

Case Study 4 Droop 4% droop -7.14% -6.62% -5.39%

Case Study 1A Ramp Rate 1 MW/min -17.86% -12.50% -4.19%

Case Study 1B Ramp Rate 0.5 MW/min -23.21% -19.12% -6.59%

Case Study 2 MLC

4 % droop, 

Tld=6000, Tlg 300 -60.71% -58.82% -39.52%

Case Study 3A Combined

4 % droop, 

Tld=6000, Tlg 300, 

1 MW/min -66.07% -63.97% -40.72%

Case Study 3B Combined

4 % droop, 

Tld=6000, Tlg 300, 

0.5 MW/min -69.64% -66.18% -41.32%
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ability to reduce the power cycling volatility moves from least to most, left to right, top to 

bottom. 

When qualitatively comparing the case studies against the Base Case by using 

Figure 151 for the basis of the frequency deviation comparison and using Figure 152 for 

the basis of the power fluctuation comparison, it is apparent that the MLC-only case 

(Case Study 2) and the combination cases (Case Studies 3A and 3B) are noticeably more 

effective than the droop case (Case Study 4) and the ramp rate cases (Case Studies 1A 

and 1B).  The combination (Case Studies 3A and 3B) cases show only moderate 

improvements over the MLC-only case, and the combination Case 3B is only slightly 

more effective than Case 3A. 

 



 252 

Case Study 3B

Case Study 3ACase Study 2

Case Study 1BCase Study 1A

Base Case Case Study 4

Legend
 

Figure 152: Thermal unit output plot comparison of the case studies. 
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Chapter 7 will summarize the conclusions based on comparisons made in this chapter. 

 

CHAPTER 7  

SUMMARY, CONCLUSIONS, AND FUTURE WORK 

Remote microgrids are creating an enormous market opportunity for technologies 

such as energy storage systems.  According to Pike Research, geographical islands with 

diesel generation assets present the greatest opportunity. The high cost of fuel 

transportation to remote microgrids and the decreasing cost of renewable energy are 

driving the increased penetration levels of renewable energy on remote microgrids.  On 

remote microgrids that are part of the United States (e.g. Puerto Rico, Untied States 

Virgin Islands, Alaska’s numerous islands, Hawaiian Islands), increased pervasiveness in 

wind generation capacity is being driven, in part, by targets established under the 

auspices of the Renewables Portfolio Standard (RPS). 

Ancillary services provide the resources required to maintain the instantaneous and 

ongoing balance between generation and load [18].  If that balance is disturbed, the 

frequency on the grid changes. Generation used to maintain frequency are called 

regulating reserves.  Regulating reserves are dispatched as the first level of control to 

restore frequency.  Under-frequency load shedding is another option often used by 

remote microgrids to maintain the balance.   

This thesis uses the island of Maui, Hawaii as an exemplary remote microgrid. 

The Maui microgrid has been the focus of several studies and reports dealing with 

managing increased levels of renewable resources, and there is an abundance of publicly 

available information about its grid system.  The Maui microgrid operates with regulating 

reserves as the primary means of regulating frequency.  Its thermal units act as the 



 254 

regulating reserves to cycle up and down to maintain the balance between generation and 

load.  As more wind power variability (disturbance) is introduced into the system, more 

regulating reserves are required.  As an alternative to carrying more regulating reserves 

by increasing the number of thermal units, this thesis considers a BESS to provide this 

regulation service.  This thesis compares three different control strategies deployed with 

the BESS on the basis of their ability to reduce frequency deviations. The metrics to 

measure the frequency volatility was estimated based on the RMS calculation of the 

variation with respect to a moving average and described in Chapter 4. 

Chapters 2 and 4 presented the BESS and Microgrid models, respectively, that 

were used to evaluate the control strategies. Chapter 5 presented a simple Test Microgrid 

that assumed base-load thermal units (no regulating unit) to exemplify the three different 

control strategies via the BESS response to changes in the process variables associated 

with the control strategies.  Chapter 6 presented the results of the simulations using the 

BESS model and the full microgrid model.  

 

 

 Baseline Results Discussion 7.1

The most challenging hour with respect to volatility (as defined in this report and 

based on input data) occurred during Hour 4261, when the wind output was in the 6m/s to 

12 m/s second range. This region of the wind power curve causes the most volatility 

because a small change in wind speed results in a large change in power output.  At low 

wind speeds (< 5 m/s) the wind power output is negligible and does not introduce a 

disturbance to the regulating thermal units.  Likewise, at high wind speeds the wind 

power output is very stable and does not pose a challenge to the thermal units.  The Base 

Case uses Hour 4261 as the wind speed input, and there is no BESS output—regulation is 
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from the thermal units only.  The frequency volatility and power cycling volatility of the 

thermal units are used as the base line for comparison of the three types of control 

strategies. 

 

 Droop Control (Case Study 4) 7.2

Using the BESS to provide droop control or proportion control does not reduce 

the level of frequency variations on the microgrid.  However, the BESS dispatched via 

droop control reduces the amount of cycling on the regulating thermal units.  This is as 

expected; when all machines synchronized to a system have the same droop control 

setting, they will share load proportionate to the machine ratings [93].  The results show 

this shared regulation with the BESS. The results would be the same as adding an 

additional regulating thermal unit with 10MW of UPREG and 10MW of DOWNREG in 

lieu of the BESS.  An example of this would be a new regulating (cycling) combustion 

turbine with a maximum operating point of 30 MW and a minimum operating point of 

10MW that would have a nominal operating point of 20MW. The new regulating unit 

would reduce the amount of cycling on the existing units and share the regulation 

responsibly in proportion to its regulation capabilities.  The advantage of a BESS 

providing regulation via droop response over a new regulating thermal unit is that the 

BESS does not have a minimum operating point.  In other words, when the BESS is not 

actively providing regulation its output is zero allowing additional generation from wind 

(or other renewables) to be delivered to the grid.  On the other hand, when a thermal unit 

is providing the same amount of regulation it is delivering some level of power to the 

microgrid even when it is not actively regulating. 
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In summary, droop control is the current method that thermal units use to provide 

regulation (reduce frequency variation)15.  Adding additional units (BESS or thermal) that 

also use droop control does not increase the effectiveness of droop control.  It does, 

however, reduce the power cycling on the existing units by transferring some of the 

regulating responsibility to the additional unit. 

 

 Ramp Rate Control (Case Study 1) 7.3

At the present time, ramp rate control is the most common contractually required 

strategy for renewable power integration in the Hawaiian Islands.  There are several on-

line BESS systems in the Hawaiian Islands providing ramp rate control.  Ramp rate 

control is not LFC in the purest sense, because its process variable is not frequency.  

However, as is the case with the other LFC strategies, its manipulated variable is real 

power, and the end result is a reduction in frequency deviation.  Ramp rate control is 

effective in frequency deviation and magnitude of frequency deviations on the modeled 

remote microgrid and the power cycling volatility of the thermal units as shown in the 

summary of results tables in Chapter 6.  

Using a lower value of the ramp rate limit yields better results in terms of 

reducing frequency deviations and the magnitude of frequency deviations.  However 

using the lower value of the ramp rate limit will cause more wear on the BESS because 

the depth of discharge of the cycles will be greater and the life of the BESS will be 

reduced.  This effect on cycle life becomes a matter of economic comparison of the 

strategies, and is the basis of the future work that is discussed in Section 7.5.   

                                                 
15 AGC is also used but is the secondary control method that operates on a longer time scale than is 

evaluated in this thesis. 
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Wind power can be thought of as a disturbance to the droop control performed by 

the thermal units.  Ramp rate control works to reduce the variations of the wind power, 

which can be thought of as attenuation of the said disturbance.  However, ramp rate 

control may be limiting the rate of change of the output of the wind plant even when 

change may actually benefit the balance of the load and generation.   

 

 LFC via MLC (Case Studies 2 and 3) 7.4

Using the BESS to provide LFC via MLC caused a significant reduction in 

frequency volatility and the magnitude of the frequency deviations.  Further, the power 

cycling of the regulating thermal units is significantly reduced in comparison to the Base 

Case. Ramp rate control attempts to mitigate frequency deviation by attenuating the 

variability of the wind power, whereas MLC responds directly to frequency deviation.  

However, one cannot conclude that the reason that the MLC strategy is more effective 

than ramp rate control is because the MLC process viable is frequency. The droop control 

strategy also has its process variable as frequency but it was not as effective at reducing 

frequency deviation as ramp rate control. 

   The steady state gain of the MLC is 4% droop, exactly the same gain as the 

droop control scheme.  The MLC has an initial aggressive response that is characterized 

by a high frequency gain of 20 times the steady state (DC) gain.  Therefore the 

improvements over the droop control case are associated with the high frequency gain.   

Case Study 2, the MLC-only case, showed overall reduction in frequency 

volatility that is 4 – 5 times greater than the ramp rate cases.  MLC strategies 

significantly reduce power cycling compared to either the droop control or the ramp rate 

cases. Case Studies 3A and 3B (the “combined cases”) simulated the combination of both 
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MLC and ramp rate control by taking the outputs from both controllers and summing the 

commands sent to the PCS. There was moderate improvement over the MLC-only 

strategy of Case Study 2. 

 

 Further Technical Studies 7.5

 AGC MODELING 7.5.1

Many remote microgrids use second and third levels of control to regulate the 

balance between generation and load.  Figure 153 show the three levels of control used to 

dispatch the various types of reserves (shown in Figure 154).  The types of reserves are 

reshown here for convenience. The levels respond in order and each level reduced the 

action of the previous level.  Primary control is the first response and occurs on the order 

of seconds to minutes.  Secondary control replaces primary control over the course of 

minutes, and tertiary control replaces secondary control over the course of hours. 

 

Microgrid
Frequency

Primary
Control

Secondary
Control

Tertiary
Control

Limit Deviation

Free reserves

Free Reserves

Free ReservesActivate

Activate

Take over

Activate

Take over

Restore Nominal Value

 
Figure 153:   Control levels used to dispatch reserves for regulation. 
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Figure 154: An idealized representation of the three types of reserve power and the 

time intervals after an unexpected loss of generation that they are in use [21]. 

 This thesis focused only on first level of response - primary control.  Primary 

control is the droop speed response from the governor of the regulating thermal units and 

the three control strategies employed by the BESS that locally dispatches regulating 

reserves.  The second level of control is most often a microgrid wide AGC controller, 

which is used to dispatch regulating reserves and operating reserves.  The third level of 

control is provided via the grid operator (human decision) with inputs from the 

scheduling system and microgrid wide SCADA system.   

This thesis does not include a model of the second level of control, AGC.  The 

report, Hawai'i Solar Integration Study: Final Technical Report for Maui, includes 

sufficient information to build an AGC model for dispatch of the regulating thermal units 

[24]. A different report, Maui Energy Storage Study by Sandia National Laboratories 

concludes that storage projects can reduce both wind curtailment and the annual cost of 

producing power, and can do so in a cost-effective manner [23]. The report finds that 

most of the savings achieved are not from replacing thermal units with wind generation. 
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Instead, the savings are achieved by the more efficient operation of the thermal units. 

Using additional storage for regulating reserves dispatched via AGC enables the system 

to decrease the amount of spinning reserve provided by thermal units [23]. 

Using the “Full” model developed in this thesis coupled with the information 

contained in [24], [29], and [23], one could develop an overall AGC system model that 

can be combined with the “Full” model to create a more representative model of a remote 

microgrid that uses an AGC system.  Further work should include new dispatch 

algorithms for the AGC to further the effectiveness of the BESS enabling higher 

penetration of wind power on to the remote microgrid. 

 

 WIND DATA AND RECONSTRUCTION 7.5.2

The wind data used for this thesis was downloaded from the NOAA National 

Data Buoy Center. The 10-minute surface level data that was height adjusted and then the 

time series wind profile model was created from these PSD estimates.  The reconstructed 

data appears to accurately represent 2-second wind data. It would be preferable to use 

actual 2-second data collected at site wind plant location, from multiple meteorological 

towers at each wind plant site.  Further evaluation is needed to determine whether the 

availability of 2-second data from the actual wind plant sites would improve the analysis. 

 

 ECONOMIC COMPARISON OF CONTROL STRATEGIES  7.5.3

This thesis did not address the economics of using a BESS to provide regulation 

and the costs associated with providing more effective regulation.  Nor did it quantify the 

financial or emissions savings associated with power cycling by the regulating thermal 

units.  The report, Hawai'i Solar Integration Study: Final Technical Report for Maui, 
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includes ample production cost data for the thermal units modeled in this thesis, such as: 

full load heat rate (Btu/kWh), fuel input at minimum power (mmBtu), incremental heat 

rates (btu/kwh), variable O&M costs ($/MWH), and Variable Cost ($/Hour).  A cycle 

counting tool should be developed to count cycles for each strategy for the year. A cost 

model for the BESS that includes capital costs and operational and maintenance costs for 

the BESS should be developed.    
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APPENDIX A 

WIND SPEED DATA RECONSTRUCTION 

A large amount of historical wind velocity data is currently available both in the 

United States of America [51] [94] and worldwide [95], and historical data bases of the 

wind velocity have been developed [96].  However, most of the available wind speed 

datasets are 10-minute or 15-minute datasets (wind speed recorded at 10 minute or 15 

minute intervals).  Several models have been developed [31] [97] [98] that predict the 

wind velocity based on historical data power that can be generated based on atmospheric 

and terrain features. Wind models are used, for example [99], to support simulation of the 

wind velocity measurements, and corresponding power fluctuations. The wind model is 

essential to obtain realistic simulations of the power fluctuations during continuous 

operation of the wind plant, and should combine stochastic effects caused by turbulence 

and deterministic effects caused by, for example, the tower shadow. 

 

Parseval Method 

Parseval’s Theorem [100] provides a simple way to scale the power spectra 

distributed over frequency using wind velocity measurements (in time), recognizing that 

the total wind energy in a wind velocity waveform x[n] summed across all of times tn in 

interval (tN-1 – t0) is equal to the total energy of the waveform's Fourier Transform X(k) 

summed across all of its frequency components fk, 

 

(62) ∑ | [ ]|  
 

 
∑ | [ ]|    
   

   
    

where X[k] is the discrete-time Fourier transform of x[n], both of length N. 
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Kaimal and Von Karmen Functions 

The random fluctuation in wind speed (the “combined cases”) is assumed to occur 

over a relatively fast time scale (<10-minutes).  In 1941, Kolmogorov [101] postulated 

that for very high turbulent flow (which is when the flow is highly random and internal 

forces dominate over viscous forces, and the Reynolds number is large), the statistics of 

small scales will be universally and uniquely determined by two parameters: viscosity 

and the rate of energy dissipation. With only these two parameters, a unique length scale 

(termed, the Kolmogorov length scale) can be formed by dimensional analysis. 

Kolmogorov’s law states that the power spectral density (PSD) of wind turbulence must 

approach an asymptotic limit proportional to f
-5/3

 (where f is frequency in Hz) at high 

frequencies due to the energy dissipation as heat in the turbulence. This spectrum of 

turbulence describes the content of the wind speed variations.  

The Kaimal and Von Karmen spectra functions are two alternative expressions for 

the longitudinal component of the turbulence in common use today for wind speed 

variation [31].  The PSD of wind turbulence can be approximated by the Kaimal and Von 

Karmen spectra functions given in equations (63) and (64).   
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In equations (63) and (64), V0 is the mean and σu is the standard deviation of the 

wind speed, and Lu1 and Lu2 are the longitudinal length scales given by the Kaimal  and 
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von Karmen spectra, respectively. According to [31], Lu can be expressed as shown in 

equation (65). 

 

(65)              (
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In equation (65), z is the height above ground (wind turbine height) and zi is the 

isotropic height that given by equation (66).  In equation (66) z0 is defined as the surface 

roughness.   

 

(66)           
     

Typical values of surface roughness are given in Table 93. 

 

Type of terrain  Roughness length z0 (m) 

Cities, forests 0.7 

Suburbs, wooded countryside  0.3 

Villages, countryside with trees and hedges  0.1 

Open farmland, few trees and buildings  0.03 

Flat grassy plains  0.01 

Flat desert, rough sea 0.001 

Table 93:  Typical surface roughness lengths. 

The von Karmen spectrum gives a good description of turbulence in wind tunnels, 

but the Kaimal spectrum has been observed to provide a better fit to empirical 

observations of atmospheric turbulence.  The Kaimal spectrum assumes a length scale Lu1 

that is dependent on a surface roughness z0 and height z above the ground.  In this study a 
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surface roughness of zo = 0.03 m and wind turbine height z = 80 m at Site 2 and z = 50 m, 

were used in the analysis.  

In addition, Burton et al [31] further simplified the Kaimal function and 

represented the PSD with the spectrum given in equation (67).  Equation (67) uses a 

simplified length scale L, where, L=600 m or 20z for z < 30 m. 
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In reference to IEEE copyrighted material which is used with permission in this 

thesis, the IEEE does not endorse any of the University of Texas's products or services. 

Internal or personal use of this material is permitted. If interested in 

reprinting/republishing IEEE copyrighted material for advertising or promotional 

purposes or for creating new collective works for resale or redistribution, please go to 

http://www.ieee.org/publications_standards/publications/rights/rights_link.html to learn 

how to obtain a License from RightsLink.  

IEEE does not require individuals working on a thesis to obtain a formal reuse 

license, however, you may print out this statement to be used as a permission grant:  

Requirements to be followed when using any portion (e.g., figure, graph, table, or 

textual material) of an IEEE copyrighted paper in a thesis: 

1) In the case of textual material (e.g., using short quotes or referring to the work 

within these papers) users must give full credit to the original source (author, paper, 

publication) followed by the IEEE copyright line © 2011 IEEE.  

2) In the case of illustrations or tabular material, we require that the copyright line 

© [Year of original publication] IEEE appear prominently with each reprinted figure 

and/or table.  

3) If a substantial portion of the original paper is to be used, and if you are not the 

senior author, also obtain the senior author’s approval.  
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