
Abstract 

TELEKE, SERCAN. Control Methods for Energy Storage for Dispatching Intermittent 
Renewable Energy Sources. (Under the direction of Dr. Mesut Baran.) 
 

Solar, wind and other renewable energy sources are becoming an important part of 

energy supply to the power grid. Integrating a battery energy storage system (BESS) with 

a solar photovoltaic (PV) system or a wind farm can make these intermittent renewable 

energy sources more dispatchable. In this thesis, three different control methods for 

BESS are proposed for this purpose. 

 

For dispatching, the set point for the controllers is determined first using the historical 

data. Then using this reference, the power and energy ratings required for the BESS is 

calculated, and the battery operation in terms of charge/discharge duration is 

characterized. 

 

For optimal use of a BESS to minimize the deviations from dispatch set points, three 

control methods for BESS have been developed. The simulations have shown that the 

dispatch performance obtained with SOC feedback method is unsatisfactory compared to 

the other two methods namely optimal control and rule based control. The rule based 

control, and the optimal control performs very similar since the rule based control 

corresponds to the closed loop implementation of the optimal control. Moreover, the rule 

based method has several advantages over the optimal control such as less computation 

time, closed loop implementation, and no need for development of a mathematical model 

for BESS. 

 

In terms of BESS operation, it is seen that the BESS charge/discharge frequency is 

relatively high in this application; and hence, new type of batteries with high 



charge/discharge cycling rates are needed. Moreover, the control methods considered 

make a compromise in that they didn’t utilize the BESS full capacity in order to extend 

the lifetime of the BESS, and hence, a large size BESS – about 15%-25% of the solar 

PV/wind farm capacity – is needed to have an effective hourly dispatch. 
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1. Introduction 
Wind, solar and other renewable energy sources are an important part of today’s 

electricity generation and the part of energy they supply to the power grid will definitely 

be increasing over the next decades. 

  

Grid-connected solar photovoltaic (PV) continued to be the fastest growing power 

generation technology, with a 70- percent increase in existing capacity to 13 GW in 2008 

and existing wind power capacity grew by 29 percent in 2008 to reach 121 GW, more 

than double the 48 GW that existed in 2004 [1], [2]. However, similar to other renewable 

energy sources; solar and wind energy tends to be unsteady because they are influenced 

by natural and meteorological conditions [3]. As the output power of these sources 

fluctuates, it can result in network frequency and voltage deviations. Moreover, high 

penetration of intermittent renewable resources can introduce technical challenges 

including grid interconnection, power quality, reliability, protection, generation dispatch 

and control [4]. Therefore, the industry will need to confront the challenges associated 

with higher levels of penetration [5]. 

 

Figure 1-1 (a) shows the power output profile of a small scale solar PV system (3 kW 

capacity scaled by 1000 to represent a large scale PV system) and Figure 1-1 (b) shows a 

large wind farm (50 MW capacity). The wind data used was from a wind farm in 

northwest USA and has a resolution of 5 minutes. Due to the lack of publicly available 

utility scale solar data, the data obtained from a small scale solar PV system with 15 min 

resolution is used in this study. The typical utility scale PV system power output for one 

day is shown in Figure 1-2. By comparing the weekly profile shown in Figure 1-1 (a) 

with the daily profile seen in Figure 1-2, it is seen that the small scale solar PV system is 

not a typical representation of a utility scale solar PV system.  
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Figure 1-1: Typical intermittent renewable energy source power output (a) Solar PV 
system (b) Wind Farm 
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Figure 1-2: Daily power output from a utility scale PV system [6]. 

 
Figure 1-1 shows that the power output can have steep rises, sudden drops during the day 

and integrating such highly intermittent energy resources might adversely impact a 

smaller or a weaker electric power system [7], [8]. Therefore, there is a need for 

dispatching renewable resources so that they can be controlled like any other 

conventional generator, such as a thermal or a hydro power plant. 

 

In this thesis, the focus will be the three main challenges of renewable energy sources: 

1) Intermittency: The ability of a utility to change the power output of a generating unit 

as the load changes is the basis of economic dispatch [9]. For a renewable energy source 

to be dispatchable like the other conventional generation units, its output should be 

regulated at a desired dispatchability level. 

2) Ramp Rates: Another issue with the large amount of wind/solar generation is the fast 

power ramps of the wind farm/solar PV system output, both positive and negative [10]. 

These ramps should be limited in order to integrate the large amount of generation to the 

grid, minimize the high cost ancillary service requirements and reduce the impact on 

system reliability [11]. 
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3) Transmission curtailment: Large scale wind/solar power may cause congestion on the 

transmission lines that carry power (for example, when a large wind farm is integrated to 

a weak part of a system [12]) and hence the power output of the wind farm/solar PV 

system may have to be curtailed to prevent congestion [13]. 

1.1 Scope 

The aim of the thesis is to design and control a BESS for dispatchable wind farm/solar 

PV power. For that purpose the following steps are taken: 

• Determine the reference power profile for the intermittent renewable energy 

source of interest; 

• Determine the power and energy ratings required for the BESS and characterize 

the battery operation, i.e. charge/discharge duration, lifetime; 

• Develop different control algorithms to charge/discharge the BESS in order to 

have a dispatchable wind farm/solar PV power output and validate the final 

method with an experiment; 

1.2 Thesis Structure  

The thesis consists of following chapters: 

Chapter 2 - Literature Review: General information about different energy storage types 

and their applications to solar and wind energy; 

Chapter 3 - BESS for Wind and Solar Energy: Challenges with BESS, BESS sizing and 

reference power selection for dispatching; 

Chapter 4 - Proposed Methods: Explanation of the three proposed methods for the 

control of BESS, comparison of the methods and experimental validation; 

Chapter 5 - BESS for contingency support: Control of BESS with rule based method for 

contingency support; 

Chapter 6 - Conclusions and Future Work: Conclusions and ideas for future work. 
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2. Literature Review 
In this chapter, different energy storage technologies are introduced briefly and their 

applications to intermittent renewable energy sources are summarized using the existing 

literature. 

2.1 Energy Storage Technologies 

Different battery technologies and other storage types are briefly described below:   

2.1.1 Battery Energy Storage (BES) 

Batteries are one of the most cost-effective energy storage options available, which store 

energy electrochemically [14]. A battery system is made up of a set of low voltage or 

power battery modules connected in series and/or parallel to achieve a desired electrical 

characteristic. Batteries are charged when they undergo an internal chemical reaction 

under a potential applied to the terminals. They deliver the absorbed energy, or discharge, 

when they reverse the chemical reaction. Some of the key factors of batteries for storage 

applications include: high energy density, round trip efficiency, cycling capability, life 

span, and initial cost [15]. 

 

Batteries store dc charge, so power conversion is necessary to interface a battery with an 

ac power system. Advances in battery technologies offer increased energy storage 

densities, greater cycling capabilities, higher reliability, and lower cost [16]. Battery 

energy storage systems have emerged as one of the most promising near-term storage 

technologies for power applications, offering a wide range of power system applications 

such as area regulation, spinning reserve, and power factor correction [17]. Common 

battery types are described below: 
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Lead Acid Battery 

Lead acid batteries were invented in 1859 by Gaston Plante and first demonstrated to the 

French Academy of Sciences in 1860. They are the most mature and oldest of all battery 

technologies and due to the wide use of lead acid batteries in a wide variety of 

applications, they have the lowest cost of all battery technologies [18]. 

 

Lead acid batteries still remain the technology of choice for automotive starting, lighting 

and ignition (SLI) applications because they are robust, tolerant to abuse, tried and tested 

and because of their low cost [19]. Their application for energy management, however, 

has been very limited due to their limited cycling capability. The amount of energy that a 

lead-acid battery can deliver is not fixed and depends on its rate of discharge. 

 

Lead-acid batteries, nevertheless, have been used in a few commercial and large-scale 

energy management applications. The largest one was a 40 MWh system in Chino, 

California, built in 1988. It demonstrated the value of stored energy in the grid but the 

short cycle life of lead acid batteries made the overall economics of the system 

unacceptable. 

 

There is still research going on to develop advanced lead acid batteries with improved life 

cycles. Adding as much as 40% of activated carbon to the negative electrode composition 

increases battery’s life up to 2000 cycles which represent a three to four times 

improvement over the conventional lead acid designs [18].  

    

Lithium Ion Battery 

Pioneer work with the lithium batteries began in 1912 under G.N. Lewis but it was not 

until the early 1970s that the first non-rechargeable lithium batteries became 

commercially available. Attempts to develop rechargeable lithium batteries followed in 

the 1980s, but failed due to safety problems [20]. 



 

 7

 

The cathode in lithium ion batteries is a lithiated metal oxide (LiCoO2, LiMO2, etc.) and 

the anode is made of graphitic carbon with a layer structure. The electrolyte is made up of 

lithium salts (such as LiPF6) dissolved in organic carbonates [21]. 

 

When the battery is being charged, the lithium atoms in the cathode become ions and 

migrate through the electrolyte toward the carbon anode where they combine with 

external electrons and are deposited between carbon layers as lithium atoms. The reverse 

of this process occurs during discharge. 

 

The main advantages of Li-ion batteries, compared to other advanced batteries, are their 

high energy density, high efficiency, and long cycle life. The main difficulty with these 

batteries is the high cost due to special packaging and internal overcharge protection 

circuits. 

 

Nickel Cadmium Battery 

Waldmar Jungner invented the nickel-cadmium battery in 1899. At that time, due to the 

expense of the materials used in the battery, its use was limited to special applications. In 

1932, the active materials were deposited inside a porous nickel-plated electrode and in 

1947 research began on a sealed nickel-cadmium battery [22]. 

 

Among rechargeable batteries, nickel-cadmium still remains a popular choice for two-

way radios, emergency medical equipment and power tools. There is a shift towards 

batteries with higher energy densities and less toxic metals but alternative chemistries can 

not always match the durability and low cost of nickel-cadmium. The advantages of 

Nickel-cadmium (Ni-Cd) batteries are their long lives in stationary applications, and 

typically being quite resistant to abuse [15]. 
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Sodium Sulfur Battery 

The sodium sulfur (NaS) battery technology was originally developed in the 1960s for 

use in early electric cars but was abandoned later for this application [18].  

 

NaS battery consists of sulfur at positive electrode, sodium at negative electrode as active 

materials, and beta alumina of sodium ion conductive ceramic which separates both 

electrodes. This hermetically sealed battery is operated under the condition that the active 

materials at both electrodes are liquid, and its electrolyte is solid. 

 

During discharge, positive sodium ions flow through the electrolyte and electrons flow in 

the external circuit of the battery to produce about 2V. This process is reversible since 

charging causes sodium polysulfides to release the positive sodium ions back through the 

electrolyte to recombine the sodium element.  

 

This type of battery has a high energy density, a high efficiency of charge/discharge (89–

92%) [23], long cycle life, and is fabricated from inexpensive materials. However, 

because of the operating temperatures of 300°C, and the highly corrosive nature of the 

sodium polysulfides, such cells are primarily suitable for large-scale non-mobile 

applications such as grid energy storage. 

 

NaS battery technology has been demonstrated over 190 sites in Japan totaling more than 

270 MW of capacity with stored energy suitable for 6 hours of daily peak shaving. The 

largest NaS installation is a 34 MW, 245 MWh system for wind farm stabilization in 

Northern Japan [21]. Utilities in US have deployed 9 MW of NaS batteries for peak 

shaving, backup power, smoothing wind power and other applications [18]. 
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Flow Battery 

Flow batteries allow storage of the active materials external to the battery and these 

reactants are circulated through the cell stack as required. The first such battery was Zinc 

Chlorine battery in which the chlorine was stored in a separate cylinder. It was first used 

in 1884 by Charles Renard to power his airship La France which contained its own on 

board chlorine generator [24]. 

 

Flow batteries differ from conventional rechargeable batteries in one significant way 

which is the ability to scale the power and energy ratings of a flow battery independent of 

each other [18]. This is made possible by the separation of the electrolyte and the battery 

stack (or fuel cell stack). More cell stacks allows for an increase in power rating; a 

greater volume of electrolytes results in more runtime. 

 

Some leading flow battery technologies are Zinc Bromine (ZnBr) and Vanadium Redox 

batteries (VRB). 

 

The ZnBr battery was developed by Exxon in the early 1970’s. Integrated ZnBr energy 

storage systems are now available on transportable trailers (storage systems including 

power electronics) with unit capacities of up to 1MW/3MWh for utility-scale applications 

[21]. 

 

VRB was pioneered by the University of New South Wales (UNSW) in Australia in early 

1980’s. The Australian Pinnacle VRB bought the basic patents in 1998 and licensed them 

to Sumitomo Electric Industries (SEI) and VRB Power Systems. VRB storages up to 

500kW, 10 hrs (5MWh) have been installed in Japan by SEI. VRBs have also been 

applied for power quality applications (3MW, 1.5 sec., SEI) [21]. 
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2.1.2 Other Storage Technologies 

Compressed Air Energy Storage (CAES) 

Compressed Air Energy Storage refers to the compression of air to be used later as 

energy source. CAES is a peaking gas turbine power plant that consumes less than 40% 

of the gas used in a conventional gas turbine to produce the same amount of electric 

output power. This is because, unlike conventional gas turbines that consume about 2/3 

of their input fuel to compress air at the time of generation, CAES pre-compresses air 

using the low cost electricity from the power grid at off-peak times and utilizes that 

energy later along with some gas fuel for use during peak periods [21].  

 

To make the CAES concept work depends on locating the plants near appropriate 

underground geological formations, such as underground mines, caverns created inside 

salt rocks or depleted gas wells.  

 

The first commercial CAES plant was a 290 MW unit built in Germany in 1978. The 

second one was a 110 MW unit built in US. These units can come on line in 15 minutes 

when called upon for power. Today, Electric Power Research Institute (EPRI) has a 

research program to develop advanced CAES designs with a power range varying 

between 150 MW and 400 MW. In addition to this, an aboveground CAES alternative is 

also studied by EPRI [18].    

 

Electrochemical Capacitors (Supercapacitors) 

Electrochemical capacitors commonly called supercapacitors store electrical energy in 

two series capacitors of the electric double layer (EDL), which is formed between each of 

the electrodes and the electrolyte ions. The distance over which the charge separation 

occurs is just a few angstroms. The extremely large surface area makes the capacitance 

and energy density of these devices thousands of times larger than conventional 

electrolytic capacitors [18]. 
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The electrodes of these supercapacitors are often made with porous carbon material. The 

electrolyte is either aqueous or organic. The aqueous capacitors have a lower energy 

density due to a lower cell voltage but are less expensive and work in a wider temperature 

range. The asymmetrical capacitors that use metal for one of the electrodes have a 

significantly larger energy density than the symmetric ones do and also have a lower 

leakage current [21]. 

 

Electrochemical capacitors have lower energy density compared to lead-acid batteries, 

but they can be cycled tens of thousands of times and they have faster charge and 

discharge capability compared to batteries. 

 

While the small electrochemical capacitors are well developed, the larger units with 

energy densities over 20 kWh/m3 are still under development. Rather than operate as a 

main battery, supercapacitors are more commonly used as memory backup to bridge 

short power interruptions. Another application is improving the current handling of a 

battery. The electrochemical capacitor is placed in parallel to the battery terminal and 

provides current boost on high load demands. The electrochemical capacitors will also 

find a ready market for portable fuel cells to enhance peak-load performance. Because of 

their ability to rapidly charge, large supercapacitors are used for regenerative braking on 

vehicles [25]. 

 

Flywheel Energy Storage (FES) 

Modern flywheel energy storage systems consist of a huge rotating cylinder (comprised 

of a rim attached to a shaft) that is substantially supported on a stator by magnetically 

levitated bearings that eliminate bearing wear and increase system life. To maintain 

efficiency, the flywheel system is operated in a vacuum environment to reduce drag. The 
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flywheel is connected to a motor/generator mounted onto the stator that interacts with the 

utility grid through power electronics [21]. 

 

The stored energy on a flywheel depends on the moment of inertia of the rotor and the 

square of the rotational velocity of the flywheel. The moment of inertia depends on the 

radius, mass, and height (length) of the rotor. Energy is transferred to the flywheel when 

the machine operates as a motor i.e. the flywheel accelerates, charging the energy storage 

device. The flywheel is discharged when the electric machine regenerates through the 

drive i.e. the flywheel decelerates [14]. 

 

The energy storage capability of flywheels can be improved either by increasing the 

moment of inertia of the flywheel or by rotating it at higher velocities, or both. Some 

designs utilize hollow cylinders for the rotor allowing the mass to be concentrated at the 

outer radius of the flywheel, improving storage capability with a smaller weight increase 

[26]. 

 

Some of the key features of flywheels are long life (20 years or 10s of thousands of deep 

cycles), low maintenance and environmentally inert material. Flywheels can bridge the 

gap between short term ride-through and long term storage with excellent cyclic and load 

following characteristics [21]. 

 

While high-power flywheels are developed and deployed for aerospace and UPS 

applications, there is an effort going on to optimize low cost commercial flywheel 

designs for long duration operation (up to several hours). At present, high speed flywheel 

systems rated 1000kW (15 min duration) or larger are being deployed in US for 

frequency regulation [18]. 
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Pumped Hydro 

A typical pumped hydro plant consists of two interconnected reservoirs i.e. lakes, tunnels 

that connect one reservoir to another, hydro machinery, valves, a generator-motor, 

transformers, a transmission switchyard and connection to transmission system. The 

product of the total volume of water and the differential height between the reservoirs is 

proportional to the amount of stored energy [18]. 

 

Pumped hydro was first used in Italy and Switzerland in the 1890’s. Beginning in the 

early 1900’s, several small hydroelectric pumped storage plants were constructed in 

Europe, primarily in Germany. The first unit in US was constructed in 1929 in 

Connecticut. Today, adjustable speed machines are being used to improve efficiency and 

pumped hydro is available at almost any scale with discharge times ranging from several 

hours to a few days. Their efficiency is in the 70% to 85% range [21]. 

 

The global capacity of pumped hydro storage plants installed up to day totals more than 

95 GW with around 20 GW operating in US. The main function of these plants was to 

provide off peak base loading for large coal and nuclear power plants to optimize the 

overall performance and provide peaking energy each day. Nowadays, their duties have 

been expanded to include providing ancillary services such as frequency regulation [18]. 

 

Superconducting Magnetic Energy Storage (SMES) 

Superconducting magnetic energy storage systems store energy in the field of a large 

magnetic coil with direct current flowing. It can be converted back to alternative current 

as needed. Although superconductivity was discovered in 1911, it was not until the 1970s 

that SMES was first proposed as an energy storage technology for power systems [27]. 

 

A magnetic field is created by circulating a DC current in a closed coil of 

superconducting wire. The path of the coil circulating current can be opened with a solid 
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state switch which is modulated to be either on or off. Due to the high inductance of the 

coil, when the switch is off i.e. open, the magnetic coil behaves as a current source and 

will force current into the capacitor which will charge to some voltage level. Proper 

modulation of the solid-state switch can hold the voltage across the capacitor within the 

proper operating range of the inverter. An inverter then converts the DC voltage into AC 

voltage [28]. 

 

SMES systems have attracted the attention of both utilities and the military due to their 

fast response and high efficiency (charge/discharge efficiency over 95%). Possible 

applications of this technology include load leveling, dynamic stability, transient 

stability, voltage stability, frequency regulation, transmission capability enhancement, 

and power quality improvement [14]. Low temperature SMES cooled by liquid helium is 

commercially available and high temperature SMES cooled by liquid nitrogen is still in 

the development stage and may become a viable commercial energy storage source in the 

future. 

2.2 Application of Energy Storage to Intermittent Renewable 

Energy Sources 

Application of energy storage to address the intermittency of renewable energy sources 

has been addressed in many papers and a summary of these papers focusing on the 

application of wind and solar power is given below.  

2.2.1 Wind 

Some of the BESS applications for wind farms involve a simple scheme to charge and 

discharge the BESS, such as storing excess power if the wind power output exceeds a 

threshold   [13], [29], [30]. 
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In [31], a washout filter based scheme is adopted to smooth out short term power 

fluctuations of a wind farm with Vanadium Redox-Flow Batteries (VRB) as energy 

storage. Similarly, in [32], washout filter is used for an off-shore wind farm application 

with Supercapacitors as the energy storage. 

 

Another application of Supercapacitors for wind farms can be found in [5]. In this paper, 

smoothing of fast wind induced power variations is studied and various size of storage is 

tested to show the improvement in the low voltage ride through (LVRT) capability of the 

wind farm. 

 

Design of a BESS consisting of lead acid batteries for attenuating the effects of unsteady 

power from wind farms is made in [3] and it is shown that the economic benefit obtained 

from the BESS by dispatching wind can be represented as a maximization of an objective 

function and the solution of the problem can be used to determine the BESS size for 

perfect dispatch. 

 

Moreover, in [33], prediction of the wind farm power output have been proposed to be 

used in BESS control in order to limit the maximum ramp rate of the wind farm power 

output. It is concluded from the paper that the wind forecast can reduce the required 

BESS size for ramp rate limiting drastically. 

 

Large scale energy storage system (ESS) such as pumped hydro or compressed air for 

regulating the wind farm power output variation is studied in [34] and it is shown that 

besides dispatching voltage stability can also be improved with the energy storage.   

2.2.2 Solar 

The application of energy storage to solar systems is an emerging concept and not many 

papers in literature have addressed this issue yet. 
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Application of batteries to solar PV systems is proposed in [8]. In this paper, sodium 

sulfur (NaS) battery is used for dispatching a PV system using forecasted solar radiation 

and it is concluded that the accuracy of the solar radiation forecast is very important for 

dispatch performance. 

 

Combining concentrating solar power (CSP) with thermal energy storage (TES) is 

suggested in [35]. In this article, the purpose of using storage was to match the load 

profile with the solar production and it is claimed that with the storage, the utilities can 

enhance dispatchability with the CSP plants.  
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3. BESS for Wind and Solar Energy 
Amongst the storage technologies mentioned in the previous chapter, battery energy 

storage is the most appropriate and common storage technology with low losses for 

utility scale application [14]. Since the battery energy storage system (BESS) possesses 

higher energy capacity than several other energy storage media, it is suitable for the long-

term load-tracking operation [36]. Moreover in [14], BESS is also shown to be cost-

effective for use in power systems. Therefore, BESS can be selected a suitable choice for 

energy storage type that will be complemented with wind/solar energy. 

 

Figure 3-1 illustrates the use of BESS to compensate for the intermittent power output of 

the PV system/wind farm. The BESS is connected to the system at the point of common 

coupling and is charged/discharged through a power converter to smooth the net power 

injected to the system. 

 

 
Figure 3-1: BESS integration with a renewable energy source 

 
A STATCOM can be used as a power converter in this scheme in order to achieve the 

reactive power control [7] besides the active power control by BESS. 

3.1 Constraints with BESS and Converter 

Since BESS with STATCOM is proposed to tackle with renewable sources’ variability, 

we need to look at the limitations of the components in this proposed structure. 
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State of Charge (SOC): The State of Charge of a battery is its available capacity 

expressed as a percentage of its rated capacity. Knowing the amount of energy left in a 

battery, compared with the energy it had when it was new, gives the user an indication of 

how much longer a battery will continue to discharge before it needs recharging. Using 

the analogy of a fuel tank in a car, SOC estimation is often called the “Fuel Gauge” 

function [25]. 

 

As it is not desired to deplete or overcharge the battery, the SOC of the battery should be 

kept within proper limits (i.e. between 30-100%) and need to be determined accurately 

for the controller operation [8], [31].  

 

Several methods exist in literature which can be used in SOC estimation [38]-[43]. Some 

of these methods are discharge test, Ah counting, artificial neural network and Kalman 

filter. A summary and a brief explanation of these methods can be found in [44]. 

 

It should be noted that the SOC reference is normally the rated capacity of a cell which is 

a new cell. It is not the fully charged capacity of the cell when it was last charged (i.e. the 

current charge-discharge cycle). This is because the cell capacity gradually reduces as the 

cell ages and it is also affected by temperature and discharge rate. For example, towards 

the end of the cell’s life its actual capacity will be approaching only 80% of its rated 

capacity and in this case, even if the cell were fully charged, its SOC would only be 80%. 

This difference is important if the user is depending on the SOC estimation as he would 

in a real gas gauge application in a car. Therefore, these ageing and environmental factors 

must be taken into account if an accurate estimate is required. 

 

In order to get a good estimation of SOC during the simulations, a suitable battery model 

is needed. Several papers exist in literature with different approach to battery modeling. 
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The simplest and commonly used model of a battery consists of a constant internal 

resistance in series with an ideal voltage source [45], [46]. Another commonly used 

battery model, namely, Thevenin battery model [47], [48] consists of an ideal no-load 

battery voltage, series internal resistance in series with parallel combination of 

overvoltage resistance and capacitance seen in Figure 3-2. 

 

 
Figure 3-2: Thevenin battery model 

 
Recently more realistic models have been proposed to take into account of the non-linear 

parameters [46], [47]. These models characterized the battery internal resistance, self-

discharge resistance and overcharge resistance; and separated the charging and 

discharging process. In this thesis, one of these improved models, a third order model 

developed by Ceraolo [49], [50] has been considered for accurate representation of 

battery charge/discharge characteristics and estimating the SOC of the battery. Figure 3-3 

shows the model. 
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Figure 3-3: Third order battery model [48] 

 
In this model, the main branch (containing the elements Em, R1, C1 and R2) 

approximates the battery charge/discharge dynamics, the parasitic branch (containing Rp 

and Ep) accounts for the self-discharge, and R0 approximates the overcharge resistance. 

As the figure indicates, most of the resistive elements are non-linear, current dependent, 

and are determined empirically [51]. For this study, the parameters were taken from [49] 

which are derived for a flooded lead acid battery with a capacity of 500 Ah. The 

equations to represent the elements of the battery model are given in Appendix A. 

 

According to this model the SOC is defined as: 

),0(
1

θC
QSOC e−=                (3-1) 

ττ
τ

dIQQ minitee )(
0

_ ∫−+=            (3-2) 
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where C is the battery’s capacity in Amp-seconds, Qe is the extracted charge in Amp-

seconds, Qe_init is the initial extracted charge in Amp-seconds, Im is the main branch 

current in Amps. 

 

The battery capacity C is defined as: 

δ

ε
θ
θ

θ
)*)(1(1

)1(
0

),(

*

I

I
cK

f
CcK

IC
−+

−
+

=           (3-3) 

where Kc, δ, ε are constants, C0
* is the no load capacity at 0°C in Amp-seconds, θ is 

electrolyte temperature in °C, θf is the electrolyte freezing temperature, I is the discharge 

current in Amps, I* is the nominal battery current in Amps. 

 

By looking at the C definition, if we assume that the temperature of the battery constant, 

then the capacity of the battery becomes constant in SOC definition which assumes that 

the battery never ages. However, as mentioned before, the ageing in the battery must be 

taken into account if an accurate estimate is required. Therefore the battery model needs 

to be modified in order to implement aging. 

 

In order to represent the effect of aging on the battery capacity, first of all, several lead 

acid battery data sheets are reviewed to get typical numbers for number of cycle vs. depth 

of discharge (DOD) of a lead acid battery. After the review, the following numbers are 

assumed for the aging implementation: 

 
Table 3.1: DOD vs. Number of Cycles 

Depth of Discharge (DOD) Number of Cycles
0%<DOD<20% 5000 
20%<DOD<40% 3500 
40%<DOD 1850 
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After selecting life cycle associated with lead acid batteries, the number of cycles is 

counted for a typical one week wind power dispatchability application to get approximate 

charge/discharge time. The results of this counting shows that in wind farm application, 

the average charge/discharge cycle is 25 mins. Therefore, assuming an average discharge 

time of 25 mins, we can calculate the life time of the battery for different DOD levels by 

multiplying discharge time with number of cycles. 

 

To implement the aging to the battery model, the battery capacity should decrease over 

time. Since how long battery will last with different DOD levels is known, the capacity in 

the battery model is made to decrease with different slope depending on the DOD to get 

an approximate aging implementation to the model. Simulation results obtained from the 

battery model explained above with aging implemented is shown in Figure 3-4. 

 

The faster decrease of battery capacitance with higher discharge current is seen in Figure 

3-4. By looking at this result, we can conclude that the aging is implemented properly 

depending on DOD as we described above.  

 

To sum up, the battery capacity is decreased with a slope corresponding to 5000 cycles 

for 0%<DOD<20%; when DOD changes between 20% and 40%, the slope changes 

corresponding to 3500 cycles; and when DOD is higher than 40%, the slope changes 

corresponding to 1850 cycles. Therefore, the battery capacity is decreased continuously 

by observing the DOD all the time. 
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Figure 3-4: Battery capacity with different DOD 

 
Deep Discharge: Cycle life of a battery decreases with increased depth of discharge 

(DOD) as shown in Table 3.1 and many cell chemistries will not tolerate deep discharge 

and may be permanently damaged if fully discharged. Therefore, to increase the cycle life 

of a battery and; moreover, to protect the battery from death, a limitation needs to be put 

on the maximum discharge current of the battery [52]. 

 

Converter Limit: Since the STATCOM consists of power electronics switches, the 

maximum power output of the BESS should be limited in order not to exceed STATCOM 

MVA rating. 
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3.2 Sizing of BESS and Reference Power Profile Selection for 

Dispatchability 

We can use historical data to select a reference power profile for the intermittent 

renewable energy source of interest and to characterize the BESS for the dispatchability 

application, i.e., determine the power and energy ratings, the charge/discharge duration. 

 

Looking at our proposed scheme which is shown in Figure 3-1, we note that total power 

injected to the grid is: 

besswindtotal PPP +=                                                          (3-4) 

or  

besssolartotal PPP +=                           (3-5)       

In these equations, Pwind is the wind farm power output, Psolar is the solar PV system 

power output, Pbess is the BESS power output, and Ptotal is the total power injected to the 

grid. To make Ptotal dispatchable, a power reference needs to be selected in order to define 

the power that BESS needs to inject: 

windsetrefbess PPP −=,                                   (3-6) 

or 

solarsetrefbess PPP −=,             (3-7) 

where Pset  is the reference power that needs to be selected in order to make Ptotal to be 

dispatchable, Pbess,ref is the reference power that BESS needs to inject/absorb in order to 

obtain Pset. 

 

To find a suitable Pset that will provide the dispatchable total power output, a dispatch 

period needs to be selected and in this study, it is chosen as one hour. Having selected the 

period, now the magnitude of Pset for each dispatch period i.e. for each hour needs to be 

selected.    
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To select the magnitude of Pset, assume that we can forecast the average solar and wind 

power output for the next hour, then selecting Pset to be the average of these hourly 

forecasts will minimize the required size of the BESS since the area under Pset  − Pwind or 

Pset  − Psolar which is the energy that needs to be provided by BESS will add up to zero for 

each hour [4]. Several papers exist in literature that addresses hourly wind/solar 

forecasting methods with 10% mean relative error of the rated resource capacity [10], 

[53]-[55]. 

 

Having determined what Pset needs to be for hourly dispatch while minimizing the 

required BESS size, we can now analyze this quantitatively to characterize the BESS 

required for this application. 

 

In order to obtain the BESS ratings, the actual wind farm and solar PV system profile 

given in Figure 1-1 will be used and to calculate the BESS energy size, the following 

equation will be used:     

∫+=
t

refbessidealbessidealbess dttPEtE
0

,,, )()0()(                    (3-8)

where Ebess,ideal is the required energy for the BESS. 

 

Figure 3-5 shows the Pset with and without 10% error in wind forecast obtained from 

Figure 1-1 (b); and Figure 3-6 shows the required BESS power and energy ratings i.e., 

Pbess,ref and Ebess,ideal for these two Psets. 
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Figure 3-5: Pset with and without 10% error for wind 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 27

0 20 40 60 80 100 120 140 160
-15

-10

-5

0

5

10

15

20

Time (hour)

B
E

S
S

 p
ow

er
 ra

tin
gs

 (M
W

)

 

 
Pbess,ref
Pbess,ref with error

 
(a) 

0 20 40 60 80 100 120 140 160
-20

-15

-10

-5

0

5

Time (hour)

B
E

S
S

 e
ne

rg
y 

ra
tin

gs
(M

W
h)

 

 

Ebess,ideal
Ebess,ideal with error

 
(b) 

Figure 3-6: Power and energy ratings for ideal BESS (a) Pbess,ref  = Pset − Pwind (in 
megawatts) (b) Energy required for dispatch  Ebess,ideal (in megawatthours) 

 
It is seen from Figure 3-6 that we need a converter size of ±17 MW and a minimum 

BESS size of 8 MWh (i.e. 16% of the wind farm capacity) if we forecast wind power 

with no error, a converter size of ±18 MW and a minimum BESS size of 17 MWh (i.e. 

34% of the wind farm capacity) when we have 10% error in wind forecast. 
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Figure 3-7 shows the Pset with and without 10% error in solar forecast obtained from 

Figure 1-1 (a); and Figure 3-8 shows the required BESS power and energy ratings i.e., 

Pbess,ref and Ebess,ideal for these two Psets. 
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Figure 3-7: Pset with and without 10% error for solar 
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(b) 

Figure 3-8: Power and energy ratings for ideal BESS (a) Pbess,ref  = Pset − Psolar (in 
megawatts) (b) Energy required for dispatch  Ebess,ideal (in megawatthours) 

 
It is seen from Figure 3-8 that we need a converter size of ±0.9 MW and a minimum 

BESS size of 0.5 MWh (i.e. 30% of the PV system capacity) if we forecast solar power 

with no error, a converter size of ±0.8 MW and a minimum BESS size of 0.8 MWh (i.e. 

53% of the wind farm capacity) when we have 10% error in solar forecast. 
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As we obtained the required sizes for an hourly dispatch, now we can focus on the second 

challenge which is ramp rate limiting. For ramp rate limiting, we want: 

RURLtPtPRDRL setset ≤−−≤ )1()(                                                                (3-9) 

where RDRL and RURL are ramp down rate limit and ramp up rate limit, respectively. In 

order to limit ramp up and ramp down rates, we can modify the Pset and add a ramp 

limiter to its output. Figure 3-9 shows the new Pset with and without 10% error in wind 

power forecast obtained from Figure 1-1 (b) with a RDRL and a RURL of −1MW/min 

and +1MW/min, respectively. Figure 3-10 shows the required BESS power and energy 

ratings i.e., Pbess,ref and Ebess,ideal for these two new Psets. 
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Figure 3-9: Pset incorporating RDRL and RURL with and without 10% error for wind 
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(b) 

Figure 3-10: Power and energy ratings for ideal BESS (a) Pbess,ref  = Pset − Pwind (in 
megawatts) (b) Energy required for dispatch  Ebess,ideal (in megawatthours) 

 
It is seen from Figure 3-10 that we need a converter size of ±13 MW and a minimum 

BESS size of 10 MWh if we forecast wind power with no error, a converter size of ±15 

MW and a minimum BESS size of 15 MWh when we have 10% error in wind forecast 

for a wind farm with 50 MW capacity. 
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Figure 3-11 shows the new Pset with and without 10% error in solar power forecast 

obtained from Figure 1-1 (a) with a RDRL and a RURL of −0.03MW/min and 

+0.03MW/min, respectively. Figure 3-12 shows the required BESS power and energy 

ratings i.e., Pbess,ref and Ebess,ideal for these two Psets. 
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Figure 3-11: Pset incorporating RDRL and RURL with and without 10% error for solar 
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(b) 

Figure 3-12: Power and energy ratings for ideal BESS (a) Pbess,ref  = Pset − Psolar (in 
megawatts) (b) Energy required for dispatch  Ebess,ideal (in megawatthours) 

 
It is seen from Figure 3-12 that we need a converter size of ±0.9 MW and a minimum 

BESS size of 0.5 MWh if we forecast solar power with no error, a converter size of ±0.8 

MW and a minimum BESS size of 0.8 MWh when we have 10% error in solar forecast 

for a solar PV system with 1.5 MW peak output. 
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To prevent congestion on the transmission lines that carry the wind farm/solar PV system 

power when the power generation is high, we need to utilize the BESS in order to limit 

total power flow such that: 

ULsetset PP ,≤                                                       (3-10) 

where Pset,UL is the upper limit selected to prevent congestion. In order to incorporate this 

constraint, an upper limit can be placed after Pset which ensures that there is no 

overloading on the lines. Figure 3-13 shows the new Pset with and without 10% error in 

wind forecast obtained from Figure 1-1 (b) while incorporating a RDRL and a RURL of 

−1MW/min and +1MW/min, respectively and a Pset,UL of 90% of wind farm capacity 

(45MW); and Figure 3-14 shows the required BESS power and energy ratings i.e., Pbess,ref 

and Ebess,ideal for these two Psets. 
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Figure 3-13: Pset incorporating RDRL, RURL and Pset,UL with and without 10% error for 

wind 
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(b) 

Figure 3-14: Power and energy ratings for ideal BESS (a) Pbess,ref  = Pset − Pwind (in 
megawatts) (b) Energy required for dispatch  Ebess,ideal (in megawatthours) 

 
It is seen from Figure 3-14 that we need a converter size of ±13 MW and a minimum 

BESS size of 18 MWh if we forecast wind power with no error, a converter size of ±14 

MW and a minimum BESS size of 29 MWh when we have 10% error in wind forecast 

with the Psets incorporating rate limiters and upper limit. 
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Figure 3-15 shows the new Pset with and without 10% error in solar power forecast 

obtained from Figure 1-1 (a) while incorporating a RDRL and a RURL of −0.03MW/min 

and +0.03MW/min, respectively and a Ptotal,UL of 90% of solar PV system peak power 

(1.35MW); and Figure 3-16 shows the required BESS power and energy ratings i.e., 

Pbess,ref and Ebess,ideal for these two Psets. 
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Figure 3-15: Pset incorporating RDRL, RURL and Ptotal,UL with and without 10% error for 

solar 
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Figure 3-16: Power and energy ratings for ideal BESS (a) Pbess,ref  = Pset − Psolar (in 
megawatts) (b) Energy required for dispatch  Ebess,ideal (in megawatthours) 

 
It is seen from Figure 3-16 that we need a converter size of ±0.9 MW and a minimum 

BESS size of 0.6 MWh if we forecast solar power with no error, a converter size of ±0.8 

MW and a minimum BESS size of 0.6 MWh when we have 10% error in solar forecast 

with the Psets incorporating rate limiters and upper limit. 
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The summary of the results are shown in Table 3.2: 

 
Table 3.2: Required BESS size for different Psets 

Application Hourly 
Dispatch 

Hourly 
Dispatch + 

RL 

Hourly 
Dispatch 
+  RL + 
Ptotal,UL

Required energy rating 
with no error in Pset 

(MWh) 
8 10 18 

Required energy rating 
with 10% error in Pset 

(MWh) 
17 15 29 

Required power rating 
with no error in Pset 

(MW) 
17 13 13 

Wind Farm (50 
MW Capacity) 

Required power rating 
with 10% error in Pset 

(MW) 
18 15 14 

Required energy rating 
with no error in Pset 

(MWh) 
0.5 0.5 0.6 

Required energy rating 
with 10% error in Pset 

(MWh) 
0.8 0.8 0.6 

Required power rating 
with no error in Pset 

(MW) 
0.9 0.9 0.9 

Solar PV System 
(1.5 MW peak 

output) 

Required power rating 
with 10% error in Pset 

(MW) 
0.8 0.8 0.8 

 
By observing Table 3.2, it is seen that the ratio of the required BESS energy and power 

rating to the renewable energy peak output power is higher for solar case compared to the 

wind case. Hence, this requires bigger size of BESS system in order to dispatch solar 

energy. Moreover, if it is desired to limit the power output the wind farm during high 

generation this will also drastically increase the required BESS energy and power rating.     
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From these results, it can also be concluded that the BESS charge/discharge period 

typically varies between 5 min to 25 min for these applications and the charge/discharge 

for BESS occurs both daytime and nighttime for wind case; however, for solar case, the 

charge/discharge for BESS mostly occurs during the daytime only since there is not 

generation in the night. 

 
 

 
 



 

 40

4. Proposed Methods 
From the results of the previous chapter, it is seen that the required BESS energy and 

power rating for dispatching is higher that 30% of the capacity of the wind farm/solar PV 

system. Since the cost of the BESS is proportional to the size of the BESS, using these 

required high BESS sizes for perfect dispatch becomes economically unfeasible and 

hence necessitates the use of a smaller BESS size. Moreover, even if we try to use the 

required BESS size, we also need to consider the challenges with the BESS mentioned 

before such as limiting SOC, preventing deep discharge and preventing to exceed 

converter power limits.  

 

Because of the aforementioned economical and practical challenges with the BESS, there 

is a need for designing a controller for BESS so that BESS can be utilized in an optimum 

way for dispatching while its SOC, charge/discharge current stay within its limits during 

operation.  

 

 
Figure 4-1: Overall control block diagram 

 
The overall control block diagram for the BESS and converter is shown in Figure 4-1. It 

is seen that the power converter is replaced by STATCOM so that reactive power 

compensation can also be provided. Moreover, we can see that the controller has two 
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loops, the outer used for generating reference charge/discharge current ibess
*, and the inner 

used for generating switching signals for the switches in STATCOM which will control 

the power flow.  

 

In order the controller to perform properly, it requires several signals such as current 

(ibess), voltage (vbess) and SOC of the BESS. The voltage and current can be obtained by 

using voltage and current sensors; the SOC can be obtained by using power management 

integrated circuits. Moreover, the reference input to the controller is Pset which is the 

hourly dispatch set point as explained in the previous chapter. Pwind or Psolar can be seen 

as a disturbance input since we don’t have any control on either and they will be used to 

calculate the reference power that needs to be absorbed/injected by BESS. Using this 

controller scheme, three novel control algorithms for the outer loop are developed.  

4.1 SOC Feedback [4] 

The first control scheme developed for the outer loop is based on the controller design of 

[31] which uses the SOC as a feedback signal in order to keep the SOC of the battery 

within proper limits. This basic control scheme which uses a washout filter for smoothing 

intermittent renewable energy source power output, however, needs to be modified in 

order to work for hourly dispatching and also address the constraints of BESS as pointed 

out in the previous chapter. Figure 4-2 shows the proposed control scheme. 

 
Figure 4-2: SOC feedback method  
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As Figure 4-2 shows, the inputs to the outer loop controller are Pset which can be selected 

as hourly dispatch or hourly dispatch plus rate limiter or hourly dispatch plus rate limiter 

plus upper limit as described in the previous chapter and Pwind or Psolar depending on the 

application. Using these inputs, Pbess,ref i.e. the power that BESS should compensate is 

obtained by subtracting the disturbance input Pwind or Psolar  from the desired set point Pset.  

  

After this, the SOC feedback signal is added to Pbess,ref in order to ensure that SOC stays 

within proper limits. In order to get the SOC feedback signal, the 3rd order battery model 

shown in Figure 3-3 is used. In this feedback loop, offset= M.C (where C is the BESS 

capacity in MWh and M is SOC margin rate), and α=(C-2.C.M)/(T.PWF) (where PWF is 

the rated output of the wind farm or solar PV system in MW). Hence, the design 

parameters for the controller are smoothing time constant, T and SOC margin rate, M. 

 

In this controller, the smoothing time constant, T and SOC margin rate, M are determined 

by using the guidelines given in [31]. The guidelines suggest a time constant of T ≤ 

C/PWF for smoothing case but since our case is for dispatchability, this formula may not 

be optimal; hence, T needs to be tuned depending on the size of the BESS. The SOC 

margin rate, M, is selected as 0.3 in order to keep SOC of the BESS within 30%-70% as 

recommended in [31]. 

 

Finally, a gain block of 1/vbess is used to get the current reference signal from the power 

reference, i.e. Pbess,ref = vbess× ibess
*, and an upper and lower limit block is employed 

immediately after that to ensure that the output of the outer loop controller, ibess
*, i.e. the 

reference charge/discharge current that BESS should provide stays within proper current 

limits of the BESS.  
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4.1.1 Simulation Setup 

Power system computer-aided design (PSCAD)/ electromagnetic transients including dc 

(EMTDC) is used in order to verify the effectiveness of the proposed control method and 

two different cases, one with PV system and storage; the other with wind farm and 

storage are simulated. During the simulations in PSCAD, the actual solar and wind power 

data is used for Psolar and Pwind (Figure 1-1 (a) and (b) respectively) and the setup shown 

in Figure 3-1 is realized. 

 

It is assumed that the converter (i.e. STATCOM) can follow the current reference coming 

from the SOC feedback control perfectly and hence it is represented as a gain block of 

0.97 (i.e. 3 % loss) since it is time constant (i.e. ms) is an order of magnitude lower than 

the average battery charge/discharge time (i.e. min) for this application. 

 

The next step was to select the size of the BESS and to design it accordingly. For this 

purpose, preliminary study with different BESS sizes were carried out and 300 kWh (300 

kW 1 hour discharge) BESS is selected for the case with solar and 10 MWh (10 MW 1 

hour discharge) BESS is chosen for the wind case. 

 

To realize the 300 kWh BESS with the lead acid batteries described in chapter 3, it is 

assumed that the converter DC side has a voltage of 600V and to reach that voltage level 

we need to connect 282 of the lead acid batteries of 2.135 Volt in series. These number of 

batteries will also provide us roughly the required energy rating of 300 kWh. 

 

For the realization of 10 MWh BESS, the DC side voltage is selected to be 2 kV for the 

converter and to reach that voltage level, we need to connect 937 of the lead acid 

batteries in series to get the desired voltage, and connect 10 of these series strings in 

parallel to obtain the desired energy rating which results in a total number of 9370 

batteries. 



 

 44

 

During the simulations, it is assumed that each of these batteries contributes the same 

amount of current and the current limits in the upper and lower limit block are selected as 

±500A for the batteries. 

 

The set point Pset is selected as hourly dispatch reference which is obtained by taking the 

actual next hour average of Pwind for wind case and Psolar for the solar case and adding 

10% noise to it as mentioned before in chapter 3. 

 

The smoothing time constant, T is selected to be 0.19 hour for the wind case and 0.25 

hour for the solar case. 

 

Using this setup, one week long simulations were made in PSCAD/EMTDC with a time 

step of 1 sec. 

4.1.2 Simulation Results 

The results with 10 MWh BESS connected to 50 MW wind farms are presented first. 

Figure 4-3 shows the Pset, Pwind and the net power injected Ptotal = Pwind + Pbess for one day 

zoom-in of the weekly long simulation. It is seen that the total injected power follows the 

desired set points occasionally; however, large deviations occur time to time which is not 

desired. 
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Figure 4-3: Dispatching of wind farm power with BESS; Pset: desired set point, Pwind: 

wind power, Ptotal: net injected power (in megawatts) 
 
The 10 MWh BESS performance is seen in Figure 4-4. Figure 4-4 (a) shows that the SOC 

of the battery is kept between 30% - 70% most of the time as desired. The current profile 

of the battery in Figure 4-4 (b) indicates the charge/discharge current levels and cycle 

frequency. This figure points out that the maximum charge/discharge current is 500 A as 

set before, which is the 1C discharge rate of the lead acid battery considered. The figure 

also shows that the charge/discharge cycle is approximately every 20 min; but most of the 

time charging/discharging is partial and shallow. Figure 4-4 (c) shows that SOC feedback 

control also helps to keep the battery voltage within acceptable limits (+10/-15 % of rated 

voltage) during the weekly period. The power output profile of the BESS in Figure 4-4 

(d) indicates that the output of the BESS is limited to ±10 MW as desired. 

 

Note that, by limiting the SOC to be between 30% and 70%, the deep discharge/charge 

cycles have been minimized in order to extend the lifetime of the battery. Hence, the new 

lead acid batteries with extended life cycles, or new type batteries such as flow or NaS 

with high discharge cycling capability [21] are feasible candidates for this application. 
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Figure 4-4: 10 MWh BESS performance. (a) State of charge of one battery. (b) Current 
profile of one battery (kA). (c) DC link voltage (p.u.). (d) Power injected by the BESS 

(MW) 
 
 
 
 
 
 
 



 

 47

0 20 40 60 80 100 120 140 160

0.3

0.4

0.5

0.6

0.7

Time (hour)

S
O

C
 o

f t
he

 b
at

te
ry

 (N
or

m
al

iz
ed

)

 
(a) 

0 20 40 60 80 100 120 140 160
-0.5
-0.4
-0.3
-0.2
-0.1

0
0.1
0.2
0.3
0.4
0.5

Time (hour)

C
ur

re
nt

 o
f t

he
 b

at
te

ry
 (k

A
)

 
(b) 



 

 48

0 20 40 60 80 100 120 140 160
0.85

0.9

0.95

1

1.05

1.1

Time (hour)

B
at

te
ry

 V
ol

ta
ge

 (p
.u

.)

 
(c) 

0 20 40 60 80 100 120 140 160

-10

-5

0

5

10

Time (hour)

P
ow

er
 g

iv
en

 b
y 

B
E

S
S

 (M
W

)

 
(d) 

 
 
 
 
 
 
 
 
 
 
 



 

 49

To assess the effectiveness of dispatchability provided by the BESS, the difference 

between the total output and the desired set points is determined. This difference dP = 

Pset – Ptotal is given in Figure 4-5 (a), and Figure 4-5 (b) shows the corresponding 

histogram. As these figures indicate, although most of the time the deviations are within 

± 3 MW, larger deviations do occur occasionally. 

0 20 40 60 80 100 120 140 160
-10

-5

0

5

10

15

Time (hour)

D
iff

er
en

ce
 b

et
w

ee
n 

P
se

t a
nd

 P
to

ta
l (

M
W

)

 
(a) 

-10 -8 -6 -4 -2 0 2 4 6 8 10
0

5

10

15

20

25

30

35

40

45

50

dP (MW)

%

 
(b) 

Figure 4-5: Power deviations in net power supplied Ptotal around the desired set point Pset 
with 10 MWh BESS. (a) Power deviations dP = Pset – Ptotal (in megawatts). (b) Histogram 

of power deviations (%) 
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To analyze improvement obtained with the BESS integration furthermore, the power 
deviations can be compared with the case without BESS. The result without BESS is 
given in Figure 4-6. 
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(b) 

Figure 4-6: Power deviations in the power supplied Pwind around the desired set point Pset 
without BESS. (a) Power deviations = Pset − Pwind (in megawatts). (b) Histogram of 

power deviations (%) 
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Assuming that the deviations up to ± 3 MW are acceptable, it is seen that with 10 MWh 

BESS, we can reduce the undesired deviations from 24% (Figure 4-6 (b)) to 16.7% 

(Figure 4-5 (b)). 

 

The results with 300 kWh BESS connected to a solar PV system of 1.5 MW peak output 

are presented next. Figure 4-7 shows the Pset, Psolar and the net power injected Ptotal = 

Psolar + Pbess for one day zoom-in of the weekly long simulation. It is seen that the SOC 

feedback control method shows poor performance with the solar case and total injected 

power follows the desired set points rarely and large deviations do occur especially 

during the daytime when solar PV output peaks which is not desired. 
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Figure 4-7: Dispatching of solar PV power with BESS; Pset: desired set point, Psolar: solar 

power, Ptotal: net injected power (in megawatts) 
 
The 300 kWh BESS performance is seen in Figure 4-8. Figure 4-8 (a) shows that the 

SOC of the battery is kept within 30% - 50% most of the time and changes in a similar 

fashion to the solar PV power output. The current profile of the battery in Figure 4-8 (b) 

indicates the charge/discharge current levels and cycle frequency. This figure points out 

that the current stays within ±500 A. The figure also shows that the charge/discharge 
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cycle is approximately every 20 min; but most of the time charging/discharging is partial, 

shallow and occurs during the daytime only. Figure 4-8 (c) shows that SOC feedback 

control also helps to keep the battery voltage within acceptable limits (+10/-15 % of rated 

voltage) during the weekly period. The power output profile of the BESS in Figure 4-8 

(d) indicates that the output of the BESS is limited to ±300 kW as desired. 

 

Note that, by limiting the SOC to be between 30% and 70% similar to the wind case, the 

deep discharge/charge cycles have been minimized in order to extend the lifetime of the 

battery.  
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Figure 4-8: 300 kWh BESS performance. (a) State of charge of one battery. (b) Current 
profile of one battery (kA). (c) DC link voltage (p.u.). (d) Power injected by the BESS 

(kW) 
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To assess the effectiveness of dispatchability provided by the BESS, the difference 

between the total output and the desired set points is determined for solar case, too. This 

difference dP = Pset – Ptotal is given in Figure 4-9 (a), and Figure 4-9 (b) shows the 

corresponding histogram. As these figures indicate, larger deviations as high as 0.5 MW 

do occur occasionally. 
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(b) 

Figure 4-9: Power deviations in net power supplied Ptotal around the desired set point Pset 
with 300 kWh BESS. (a) Power deviations dP = Pset – Ptotal (in megawatts). (b) 

Histogram of power deviations (%) 
 
To analyze improvement obtained with the BESS integration furthermore, the power 

deviations can be compared with the case without BESS. The result without BESS is 

given in Figure 4-10. 
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(b) 

Figure 4-10: Power deviations in the power supplied Psolar around the desired set point 
Pset without BESS. (a) Power deviations = Pset − Psolar (in megawatts). (b) Histogram of 

power deviations (%) 
 
Assuming that the deviations up to ± 0.09 MW are acceptable, it is seen that with 300 

kWh BESS, we can reduce the undesired deviations from 27% (Figure 4-10 (b)) to only 

25.4% (Figure 4-9 (b)). 
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From the results of the two cases with solar and wind, it is seen that the BESS 

charge/discharge frequency is relatively high for these applications especially for wind, 

and hence new type of batteries with high charge/discharge cycling rates would be 

needed for this application. 

 

The control strategy considered makes a compromise in that it limits the full utilization of 

the BESS capacity in order to extend the lifetime of the BESS. Hence, as the results 

show, we need a large size BESS –about 20-30% of the wind farm/ solar PV capacity – to 

have an effective and smooth dispatch profile. Moreover, even if the control method is 

easy to implement and doesn’t require much computation time, it is seen that the 

undesired deviations from the hourly dispatch set points was still higher than 10% and the 

controller showed very poor performance especially for the solar case. Because of this 

insufficient performance obtained with SOC feedback method and not being an optimum 

control method, a new method is developed which will be described next.      

4.2 Optimal Control 

The existence of significant percent of undesired deviations from the hourly dispatch set 

points with the SOC feedback method and not being sure about how good the method is, 

i.e. is it the optimal solution or how close it is to the optimal solution, a new method is 

developed. 

 

Since the problem is to develop a controller to charge/discharge the BESS through 

converter such that the wind farm/solar PV power output can be dispatched on an hourly 

basis while considering the SOC, deep discharge limitations of the BESS, it can be 

formulated as an optimal control problem. The motivation for defining it as an optimal 

control problem is that there is an objective function which is to minimize the deviations 

between the wind/solar power and hourly dispatch set points using the BESS and there 
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are constraints on SOC and discharge current of the battery which has to be satisfied all 

the time. 

 

Optimal control deals with the problem of finding a control law for a given system such 

that a certain optimality criterion is achieved. A control problem includes a cost 

functional that is a function of state and control variables. An optimal control is a set of 

differential equations describing the paths of the control variables that minimize the cost 

functional [56]. 

  

There are various types of optimal control problems, depending on the performance 

index, the type of time domain (continuous, discrete), the presence of different types of 

constraints, and what variables are free to be chosen. The formulation of an optimal 

control problem requires the following [57]:  

• a mathematical model of the system to be controlled  

• a specification of the performance index 

• a specification of all boundary conditions on states, and constraints to be satisfied 

by states and controls 

Having described what is required for optimal control problem; the next step is to 

develop the mathematical model of our system which will be the model of the BESS. 

 

Mathematical Model for Optimal Control problem 

In order to develop the mathematical model for our problem, the third order battery 

model shown in Figure 3-3 is used. As the components in this model are nonlinear and 

current dependent, the model is simplified first to obtain a linear model. For this purpose 

the following assumptions are made: 

 

• Ignore parasitic branch (Ip is around %0.5 of Im which is observed from a weekly 

simulation using the control method proposed in [4]) 
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• All circuit parameters are constant where the values are obtained by taking the 

average of time varying component values of the third order battery model 

The simplified model according to the above assumptions is shown in Figure 4-11. 

 

 
Figure 4-11: Simplified battery model with used circuit parameters 

 
Before writing the equations for the simplified model, the validation of this model is 

made by comparing it with the third order battery model. For this purpose, the SOC 

feedback control method is simulated with the two battery models using the wind case 

and by taking the third order battery model as the base model, the error of the simplified 

model is obtained. 

 

Figure 4-12 shows the current applied to both battery models. The battery voltage error 

obtained using the given current profile is shown in Figure 4-13. 
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Figure 4-12: Current applied to both battery models (kA) 
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Figure 4-13: Battery voltage error (%) 

 
By observing Figure 4-13, it is seen that the voltage error with the simplified model is 

between +5/-9 percent. Hence, the simplified battery model is reasonable for the 

development of the mathematical model for the optimal control problem. 
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As it is verified that the simplified BESS model is accurate enough; now, the states, 

control and output can be selected by looking at Figure 4-11: 

Icapx =1              (4-1) 

Ibatx =2                          (4-2) 

∫= dttIbatx )(3             (4-3) 

dt
dIbatu =              (4-4) 

2)210(1 IbatRRRIbatEmIcapIbatRPy bess ++−×+××==                              (4-5) 

Using these selections, in state space form (i.e., BuAxx +=& , DuCxy += ) we get:   
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where 5000111 =×= CRτ  and the details of the derivation of the model can be found in 

Appendix B. 

 

As the standard state space form is obtained, the next step is to check the controllability 

of the system and from the controllability matrix it is found that the rank is 3 which 

guarantees that the system is controllable. 
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)

 

Specification of the performance index 

Having verified that our system is controllable, the performance index can be specified 

next. For our problem, it is desired that the battery power follows the reference power 

that is set by the difference of hourly dispatchable Pset and variable Pwind or Psolar (i.e. 

Pbess,ref = Pset − Pwind or Pbess,ref = Pset − Psolar). Hence, we can write our performance 

index as a quadratic cost functional of: 

( ) (∫∫ −=−=
t

ref

t

bessrefbess dttytydttPtPuJ
0

2

0

2
, )()()()()(                   (4-8) 

which will penalize the deviations from the battery power reference yref. 

 

Specification of all boundary conditions on states, and constraints to be satisfied by 

states and controls 

As discussed before, the constraints consist of current of a battery and SOC of a battery. 

Hence we can write boundary conditions on states, and constraints to be satisfied by 

states as: 

Initial Conditions: 

0)0(1 =x              (4-9) 

0)0(2 =x            (4-10) 

0)0(3 =x            (4-11) 

Constraints: 

dischch itxi max,2max, )( ≤≤            (4-12) 

initeLLiniteUL QSOCCtxQSOCC _3_ )1()()1( −−×≤≤−−×                 (4-13) 

where imax,ch and imax,disch are the maximum charge and discharge currents respectively; the 

limits on x3 is obtained by the SOC limit, i.e. ULLL SOCtSOCSOC ≤≤ )(  where SOC and 

Qe are given in equations (3-1) and (3-2). For the lead acid battery model used, a suitable 
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selection for current limit can be ±500 A and SOC limits can be selected as SOCLL = 0.3, 

SOCUL = 1 (i.e. the battery energy level varies between 30%−100% which is the case for 

similar applications)  to utilize the battery more effectively compared to SOC feedback 

method. 

 

Optimal Control for BESS  

Having defined all the necessary requirements, the optimal control problem for BESS is 

defined as follows: 

“Find an admissible control u*∈U[t0,tf] which satisfies the physical constraints in such a 

manner that the cost functional J(u*) has a minimum value.” 

 

Solution of the optimal control problem and real time implementation 

The optimal control problem is considered nonlinear and, thus does not have an analytic 

solution. As a result, it is necessary to employ numerical methods to solve this optimal 

control problem. Hence, our problem requires numerical methods to solve and needs to 

be implemented as an open loop optimal control (OLOC). For this open loop control 

implementation, the duration of the control window, i.e. the control signal period that 

needs to be applied to the BESS, needs to be selected. For this purpose four different 

control windows are chosen: 100s, 5 min, 15 min and 30 min. Having selected the control 

window, it is needed to obtain and input yref (i.e. the predicted battery power reference 

obtained by Pbess,ref = Pset − Pwind or Pbess,ref = Pset − Psolar) to our cost function 

continuously. For this purpose it is assumed that we can predict the wind/solar PV power, 

i.e. Pwind/Psolar, for each window size duration with a resolution of 100s without error and 

we can predict the average of the wind/solar PV power, Pset, for the next hour with 10% 

error as mentioned before. Moreover, the points obtained at 100s predictions are 

concatenated to have continuous yref. 
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With these assumptions, the real time implementation of the open loop control will be as 

follows: 

 

• Update your initial conditions and yref; and solve the problem 

• Obtain the resulting x2 (battery current) from the optimal control software 

• Input x2 to the converter as current reference for the control window duration, i.e. 

for the 30 min window solution, charge/discharge BESS through converter 

according to the current obtained from the optimal control software for half an 

hour 

• Go to first step 

 

While this implementation seems to be acceptable for short window length, it may end up 

in problems for window lengths of 15 min or more. Since the system will be open loop 

for the window duration, the actual states will be different from what is expected due to 

modeling errors and hence limits may be violated at the end of the control period.  

 

In order to overcome the aforementioned challenge resulting from the OLOC, model 

predictive control (MPC) can be used to implement the real time control of the converter. 

 

The model predictive control scheme makes use of the receding horizon principle such 

that a finite horizon optimal control problem is solved over a fixed interval of time, the 

prediction horizon; and the control variable is applied to the process over the control 

horizon which is generally shorter than prediction horizon [58]. The rest of the predicted 

control variable is discarded, and at the end of the control horizon the entire procedure is 

repeated. 

 

Using the idea of receding horizon control, we can change the real time implementation 

of the OLOC to MPC as follows: 
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• Update your initial conditions and yref; and solve your problem for longer 

prediction horizon (i.e. 30 mins) 

• Obtain the resulting x2 (battery current) from the optimal control software 

• Input x2 to the converter as current reference for the control horizon, i.e. for the 5 

min control horizon, charge/discharge BESS through converter according to the 

current obtained from the optimal control software for 5 min and ignore the rest 

of the solution 

• Go to first step 

As can be observed, this MPC implementation will reduce the open loop control period 

and still use the advantage of the longer prediction window. 

4.2.1 Simulation Setup 

PSCAD/EMTDC is again used in order to verify the effectiveness of the proposed control 

method and two different cases, one with PV system and storage, and the other with wind 

farm and storage are simulated. During the simulations in PSCAD, the actual solar and 

wind power data is used for Psolar and Pwind (Figure 1-1 (a) and (b) respectively) and the 

setup shown in Figure 3-1 is realized similar to the setup used for SOC feedback method. 

 

It is again assumed that the STATCOM can follow the current reference coming from the 

optimal control perfectly and hence it is represented as a gain block of 0.97 (i.e. 3 % 

loss). 

 

To solve the optimal control problem, DIDO (Ver. 7.3) [59] is used. In order to solve our 

optimal problem in DIDO, we just need to code our equations in the corresponding cost, 

dynamics, events and main function templates of DIDO and insert the numerical values 

for the circuit parameters and constraints. 
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During these simulations in PSCAD, the optimal control problem solution obtained from 

DIDO is used with the simplified BESS model to evaluate the performance of different 

prediction horizons with a 100 sec control horizon. 

 

The same BESS sizes with the SOC feedback method were selected which were 300 kWh 

(300 kW 1 hour discharge) for the case with solar and 10 MWh (10 MW 1 hour 

discharge) for the wind case. Moreover, the same realization with SOC feedback method 

for the BESS is made to get the required battery number. 

 

During the simulations, it is again assumed that each of these batteries contributes the 

same amount of current and the current limits are selected as ±500A for the batteries and 

SOC of the batteries are limited to change between 30% and 100%. 

 

Using this setup, one week long simulations were made in PSCAD/EMTDC with a time 

step of 1 sec. 

4.2.2 Simulation Results 

The results with 10 MWh BESS connected to 50 MW wind farms are presented first. 

Figure 4-14 shows the Pset, Pwind and the net power injected Ptotal = Pwind + Pbess with 

prediction horizon of 30 min for one day zoom-in of the weekly long simulation. It is 

seen that the total injected power follows the desired set points perfectly most of the time. 
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Figure 4-14: Dispatching of wind farm power with BESS; Pset: desired set point, Pwind: 

wind power, Ptotal: net injected power (in megawatts) - 30 min prediction window 
 
The 10 MWh BESS performance with 30 min prediction window is seen in Figure 4-15. 

Figure 4-15 (a) shows that the SOC of the battery is kept between 30% - 100% as limited 

before. The current profile of the battery in Figure 4-15 (b) indicates the charge/discharge 

current levels and cycle frequency. This figure points out that the maximum 

charge/discharge current is 500 A as set before. The figure also shows that the 

charge/discharge cycle is approximately every 20 min; however, most of the time 

charging/discharging is partial and shallow. It can also be observed that the current 

reaches upper limit of 500A several times during the simulation and hence this will lead 

to increase in the deviations between Pset and Ptotal. Figure 4-15 (c) shows that limiting 

the SOC helps to keep the battery voltage within acceptable limits (+10/-15 % of rated 

voltage) during the weekly period. The power output profile of the BESS in Figure 4-15 

(d) indicates that the output of the BESS is limited to ±10 MW as desired. 
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Figure 4-15: 10 MWh BESS performance with 30 min prediction window. (a) State of 
charge of one battery. (b) Current profile of one battery (kA). (c) DC link voltage (p.u.). 

(d) Power injected by the BESS (MW) 
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To assess the effectiveness of dispatchability provided by the BESS, the difference 

between the total output and the desired set points is determined. This difference dP = 

Pset – Ptotal is given in Figure 4-16 (a), and Figure 4-16 (b) shows the corresponding 

histogram. As these figures indicate, most of the time the deviations are within ± 3 MW, 

and with optimal control, larger deviations occur rarely. 
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Figure 4-16: Power deviations in net power supplied Ptotal around the desired set point Pset 
with 10 MWh BESS. (a) Power deviations dP = Pset – Ptotal (in megawatts). (b) Histogram 

of power deviations (%) 
 
To analyze improvement obtained with the BESS integration furthermore, the power 

deviations can be compared with the case without BESS as done in the SOC feedback 

method. The result without BESS was shown in Figure 4-6. If we assume again that the 

deviations up to ± 3 MW are acceptable, it is seen that with 10 MWh BESS, we can 
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reduce the undesired deviations from 24% (Figure 4-6 (b)) to 3.7% (Figure 4-16 (b)) with 

the optimal control method having 30 min prediction window. 

 

To see the effect of different prediction window, the simulations are repeated for 100 sec 

prediction window for the wind case. Figure 4-17 shows the Pset, Pwind and the net power 

injected Ptotal = Pwind + Pbess with prediction horizon of 100 sec for one day zoom-in of the 

weekly long simulation. It is seen that similar to the 30 min prediction window case the 

total injected power follows the desired set points perfectly most of the time. 
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Figure 4-17: Dispatching of wind farm power with BESS; Pset: desired set point, Pwind: 

wind power, Ptotal: net injected power (in megawatts) - 100 sec prediction window 
 
The 10 MWh BESS performance with 100 sec prediction window is seen in Figure 4-18. 

Figure 4-18 (a) shows that the SOC of the battery is kept between 30% - 100% as set 

before. The current profile of the battery which is seen in Figure 4-18 (b) has similar 

behavior compared to the 30 min prediction window case and it is seen that the maximum 

charge/discharge current is 500 A. The charge/discharge cycle is approximately every 20 

min again and most of the time charging/discharging is partial and shallow. Figure 4-18 

(c) shows that limiting the SOC helps to keep the battery voltage within acceptable limits 
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(+10/-15 % of rated voltage) during the weekly period. The power output profile of the 

BESS in Figure 4-18 (d) indicates that the output of the BESS is limited to ±10 MW with 

100 sec prediction window, too. 
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Figure 4-18: 10 MWh BESS performance with 100 sec prediction window. (a) State of 
charge of one battery. (b) Current profile of one battery (kA). (c) DC link voltage (p.u.). 

(d) Power injected by the BESS (MW) 
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To assess the effectiveness of dispatchability provided by the BESS and compare it with 

30 min prediction window, the difference between the total output and the desired set 

points is determined. This difference dP = Pset – Ptotal is given in Figure 4-19 (a), and 

Figure 4-19 (b) shows the corresponding histogram. As these figures indicate, most of the 

time the deviations are within ± 3 MW, and larger deviations occur rarely with 100 sec 

window, too. 
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Figure 4-19: Power deviations in net power supplied Ptotal around the desired set point Pset 
with 10 MWh BESS. (a) Power deviations dP = Pset – Ptotal (in megawatts). (b) Histogram 

of power deviations (%) 
 
To analyze the effect of different prediction window, the power deviations can be 

compared with the case without BESS. The result without BESS was shown in Figure 

4-6. Assuming that the deviations up to ± 3 MW are acceptable, it is seen that with 10 
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MWh BESS, we can reduce the undesired deviations from 24% (Figure 4-6 (b)) to 4.6% 

(Figure 4-19 (b)) with the optimal control method having 100 sec prediction window. 

From this result, it can be concluded that longer prediction shows better performance 

(i.e., 3.7% deviation with 30 min prediction window compared to 4.6% deviation with 

100 sec window), but the difference in the performance is not that significant. This better 

performance with longer prediction window is due to minimizing the objective function 

(i.e. the integral) through a longer time period instead of a shorter one, since using longer 

prediction window i.e. more data for future will improve the solution by reducing the 

occurrence of big deviations more compared to shorter prediction window. 

 

The results with 300 kWh BESS connected to a solar PV system of 1.5 MW peak output 

are presented next. As it was shown that the 30 min prediction window gives better 

results, a single case with 30 min prediction window is simulated only. Figure 4-20 

shows the Pset, Psolar and the net power injected Ptotal = Psolar + Pbess for one day zoom-in 

of the weekly long simulation. It is seen that the total injected power follows the desired 

set points perfectly most of the time similar to the results obtained with the wind case. 
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Figure 4-20: Dispatching of solar PV power with BESS; Pset: desired set point, Psolar: 

solar power, Ptotal: net injected power (in megawatts) - 30 min prediction window 
 
The 300 kWh BESS performance is seen in Figure 4-21. It is seen in Figure 4-21 (a) that 

the SOC of the battery is kept between 30% - 100%. The current profile of the battery in 

Figure 4-21 (b) indicates the charge/discharge current levels and cycle frequency. This 

figure points out that the maximum charge/discharge current is 500 A as defined by the 

limits and the charge/discharge cycle is approximately every 20 min; but most of the time 

charging/discharging is partial and occurs during the daytime only. Figure 4-21 (c) shows 

that the battery voltage stays within acceptable limits (+10/-15 % of rated voltage) during 

the weekly period. The power output profile of the BESS in Figure 4-21 (d) indicates that 

the output of the BESS is limited to ±300 kW as desired. 

 

It should again be noted that by limiting the SOC to be between 30% and 100% similar to 

the wind case, the deep discharge/charge cycles have been minimized in order to extend 

the lifetime of the battery.  
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Figure 4-21: 300 kWh BESS performance with 30 min prediction window. (a) State of 
charge of one battery. (b) Current profile of one battery (kA). (c) DC link voltage (p.u.). 

(d) Power injected by the BESS (kW) 
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To assess the effectiveness of dispatchability provided by the BESS, the difference 

between the total output and the desired set points is determined for solar case, too. This 

difference dP = Pset – Ptotal is given in Figure 4-22 (a), and Figure 4-22 (b) shows the 

corresponding histogram. As these figures indicate, most of the time the deviations are 

within ± 0.09 MW, larger deviations occur rarely. 
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(b) 

Figure 4-22: Power deviations in net power supplied Ptotal around the desired set point Pset 
with 300 kWh BESS. (a) Power deviations dP = Pset – Ptotal (in megawatts). (b) 

Histogram of power deviations (%) 
 
To analyze the improvement obtained with the BESS integration furthermore, the power 

deviations can be compared with the case without BESS. The result without BESS was 

already shown in Figure 4-10. 
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If it is again assumed that the deviations up to ± 0.09 MW are acceptable, it is seen that 

with 300 kWh BESS, we can reduce the undesired deviations from 27% (Figure 4-10 (b)) 

to 7.6% (Figure 4-22 (b)). 

 

From the results of the two cases with solar and wind, it is seen that the BESS 

charge/discharge frequency is relatively high with the optimal control method, too, and as 

stated before, new type of batteries with high charge/discharge cycling rates would be 

needed for this application. 

 

The optimal control strategy considered also makes a compromise in that it limits the full 

utilization of the BESS capacity (i.e. 70% utilization) in order to extend the lifetime of 

the BESS. However, as the results show, we can decrease the undesired deviations much 

more with this method compared to SOC feedback control method and hence we need a 

smaller size BESS compared to the other method – about 15-25% of the wind farm/solar 

PV capacity – to have an effective and smooth dispatch profile. Even if the optimal 

control method shows better performance and reduces the undesired deviations from the 

hourly dispatch set points to a value lower than 10%, it has some drawbacks, too. One of 

them is the computation time, which is longer with this method since at each control 

period the optimal control problem needs to be solved. Another disadvantage with this 

method is that the battery is controlled in open loop scheme for the control window 

duration which may cause the actual battery states to deviate from the predicted ones. 

Furthermore, the optimal control method requires a mathematical model for the battery 

and for some battery types it may be difficult to derive it and the modeling error can 

worsen the performance of the controller. Because of these disadvantages with optimal 

control method, a novel third method is developed which will be described next. 
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4.3 Rule Based Control 

Even if optimal dispatching performance is obtained with the optimal control method 

described, its open loop structure, requirement of a battery model, and long computation 

time necessitated to develop another novel control method. For this purpose, a rule based 

control will be developed to determine the current reference for the converter which will 

charge/discharge the BESS accordingly. 

 

In order to determine our rules, we need to revisit our optimal control problem and define 

it as an optimal tracking problem for BESS.   

 

As described in section 4.2, our performance index for this problem is: 

(∫ −=
t

bessrefbess dttPtPuJ
0

2
, )()()(                                                                (4-14) 

which will penalize the deviations from the battery power reference Pbess,ref and hence our 

objective becomes to minimize the deviations between the solar/wind power and hourly 

dispatch set points using the BESS i.e. optimal tracking for BESS. 

 

Our limitations as discussed before for this problem are: 

ULLL SOCtSOCSOC ≤≤ )(          (4-15) 

dischbessch itii max,max, )( ≤≤          (4-16)    

where SOCLL and SOCUL represent the minimum and maximum limits of SOC of the 

BESS, respectively; ibess is the BESS current and it is positive when battery discharges; 

imax,ch and imax,disch represent the maximum allowable charge and discharge current for the 

BESS, respectively. 

  

Now, instead of developing a mathematical model for the system in order to complete the 

problem definition, we will use a single equation to relate the input and output. For this 
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purpose, it is assumed that the Pbess is the output of the system and ibess is the input to the 

system, and using this, the relation between output and input becomes: 

bessbatbess iVP ×=             (4-17) 

where the voltage of the BESS, Vbat is used to relate the input and output. 

 

This type of optimal tracking problems has attracted considerable attention from control 

researchers and in order to solve it, the system inversion for exact tracking is developed 

[60], [61]. In this method, the system’s dynamics is inverted in order to get the desired 

input trajectory (i.e. ibess
*) from the desired output trajectory (i.e. Pbess,ref). In [60], this 

method is applied in order to solve the output tracking problem for a general piezo-based 

positioner and, in [61], it is applied for a nonlinear nonminimum-phase system. For our 

problem, this method can be applied easily by using the voltage of the battery as the 

transfer function of our system.   

 

Using the system inversion technique, we can develop our rules for the solution of the 

optimal tracking problem as follows: 

For ULLL SOCtSOCSOC << )(    Pbess(t)= Pbess,ref(t)         (4-18)        

For )(tSOCSOCLL =    if Pbess,ref >0 Pbess(t)=0    (4-19) 

      if Pbess,ref ≤0 Pbess(t)= Pbess,ref(t)         (4-20)     

For    if P)(tSOCSOCUL = bess,ref <0 Pbess(t)=0               (4-21)   

      if Pbess,ref ≥0 Pbess(t)= Pbess,ref(t)   (4-22) 

where it is assumed that the battery initial SOC is between SOCLL and SOCUL; and Pbess(t) 

is positive when battery discharges. Having developed the rules that guarantees that SOC 

is kept within the limits while performing perfect dispatch i.e. exact tracking, now using 

the Pbess(t) obtained above we can define the rules to incorporate the current limit: 

For disch
bat

bess
ch i

tV
tP

i max,max, )(
)(
<<    

)(
)(

)(*

tV
tP

ti
bat

bess
bess =                                   (4-23) 
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For 
)(
)(

max, tV
tP

i
bat

bess
ch ≥                       (4-24) chbess iti max,

* )( =

For 
)(
)(

max, tV
tP

i
bat

bess
disch ≤         (4-25) dischbess iti max,

* )( =

where equation (4-17) is used to relate the input and output as discussed above. 

 

By looking at equations (4-18) to (4-25), we can conclude that our objective, Pbess = 

Pbess,ref, is satisfied as long as we don’t reach any of the limitations, and when we hit these 

limitations, we limit our reference current according to the corresponding rule. Therefore, 

the rule based control provides us the optimal solution and since it continuously gets 

feedback from the BESS (i.e., SOC and Vbat) and outputs current reference at each step, it 

is indeed the closed loop optimal controller for our problem. It should also be emphasized 

that this method doesn’t require the development of a mathematical model for the system 

and it uses only the battery voltage to relate the input and output. And, hence, it can be 

applied easily to any other battery type. Moreover, the control scheme can be 

implemented easily with logic gates which will have less computation time compared to 

the optimal control method. 

 

Even if the proposed method is given for the BESS constraints, it can also be used for any 

type of energy storage with different constraints. For example, we can easily add another 

constraint of DC voltage limitation (i.e. 0.9p.u.<Vbat<1.1p.u.) and create rules similar to 

above and use that in obtaining ibess
*(t).  

4.3.1 Simulation Setup 

PSCAD/EMTDC is again used in order to verify the effectiveness of the proposed control 

method and two different cases, one with PV system and storage; the other with wind 

farm and storage are simulated. During the simulations in PSCAD, the actual solar and 
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wind power data is used for Psolar and Pwind (Figure 1-1 (a) and (b) respectively) and the 

setup shown in Figure 3-1 is realized similar to the setup used for SOC feedback method. 

 

It is again assumed that the STATCOM can follow the current reference coming from the 

rule based control perfectly and hence it is represented as a gain block of 0.97 (i.e. 3 % 

loss). 

 

The same BESS sizes with the SOC feedback method were selected which were 300 kWh 

(300 kW 1 hour discharge) for the case with solar and 10 MWh (10 MW 1 hour 

discharge) for the wind case. Moreover, the same realization with SOC feedback method 

for the BESS is made to get the required battery number. 

 

During the simulations, it is again assumed that each of these batteries contributes the 

same amount of current and the current limits are selected as ±500A for the batteries and 

SOC of the batteries are limited to change between 30% and 100%. 

 

The set point Pset is again selected as hourly dispatch reference which is obtained by 

taking the actual next hour average of Pwind for wind case and Psolar for the solar case and 

adding 10% noise to it as mentioned before in chapter 3. 

 

Using this setup, one week long simulations were made in PSCAD/EMTDC with a time 

step of 1 sec. 

4.3.2 Simulation Results 

The results with 10 MWh BESS connected to 50 MW wind farms are presented first. 

Figure 4-23 shows the Pset, Pwind and the net power injected Ptotal = Pwind + Pbess for one 

day zoom-in of the weekly long simulation. It is seen that the total injected power follows 

the desired set points perfectly most of the time and achieves optimal tracking. 
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Figure 4-23: Dispatching of wind farm power with BESS; Pset: desired set point, Pwind: 

wind power, Ptotal: net injected power (in megawatts) 
 

The 10 MWh BESS performance is seen in Figure 4-24. Figure 4-24 (a) shows that the 

SOC of the battery is kept between 30% - 100% as limited before. The current profile of 

the battery in Figure 4-24 (b) indicates the charge/discharge current levels and cycle 

frequency. This figure points out that the charge/discharge current varies between ±500 A 

as set before. The figure also shows that the charge/discharge cycle is approximately 

every 20 min, but most of the time charging/discharging is partial and shallow. Figure 

4-24 (c) shows that limiting the SOC helps to keep the battery voltage within acceptable 

limits (+10/-15 % of rated voltage) during the weekly period. The power output profile of 

the BESS in Figure 4-24 (d) indicates that the output of the BESS is limited to change 

between ±10 MW. 
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Figure 4-24: 10 MWh BESS performance. (a) State of charge of one battery. (b) Current 
profile of one battery (kA). (c) DC link voltage (p.u.). (d) Power injected by the BESS 

(MW) 
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To assess the effectiveness of dispatchability provided by the BESS, the difference 

between the total output and the desired set points is once again determined. This 

difference dP = Pset – Ptotal is given in Figure 4-25 (a), and Figure 4-25 (b) shows the 

corresponding histogram. As these figures indicate, most of the time the deviations are 

within ± 3 MW, and larger deviations occur rarely with the rule based control method. 
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(b) 

Figure 4-25: Power deviations in net power supplied Ptotal around the desired set point Pset 
with 10 MWh BESS. (a) Power deviations dP = Pset – Ptotal (in megawatts). (b) Histogram 

of power deviations (%) 
 
To analyze improvement obtained with the BESS integration furthermore, the power 

deviations can be compared with the case without BESS as done in the SOC feedback 
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method. The result without BESS was shown in Figure 4-6. If we assume again that the 

deviations up to ± 3 MW are acceptable, it is seen that with 10 MWh BESS, we can 

reduce the undesired deviations from 24% (Figure 4-6 (b)) to 4% (Figure 4-25 (b)) with 

the rule based control. 

 

The results with 300 kWh BESS connected to a solar PV system of 1.5 MW peak output 

are presented next. Figure 4-26 shows the Pset, Psolar and the net power injected Ptotal = 

Psolar + Pbess for one day zoom-in of the weekly long simulation. It is seen that the total 

injected power follows the desired set points perfectly most of the time again and 

achieves optimal tracking similar to the results obtained with wind case. 
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Figure 4-26: Dispatching of solar PV power with BESS; Pset: desired set point, Psolar: 

solar power, Ptotal: net injected power (in megawatts) 
 
The 300 kWh BESS performance is seen in Figure 4-27. It is seen in Figure 4-27 (a) that 

the SOC of the battery is only allowed to change between 30% - 100%. By doing this 

similar to the wind case, the deep discharge/charge cycles have been minimized in order 

to extend the lifetime of the battery. The current profile of the battery in Figure 4-27 (b) 

indicates the charge/discharge current levels and cycle frequency. This figure points out 
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that the maximum charge/discharge current is 500 A as defined by the limits and the 

charge/discharge cycle is approximately every 20 min; but most of the time 

charging/discharging is partial and occurs during the daytime only. Figure 4-27 (c) shows 

that the battery voltage stays within acceptable limits (+10/-15 % of rated voltage) during 

the weekly period. The power output profile of the BESS in Figure 4-27 (d) indicates that 

the output of the BESS is limited to ±300 kW as desired. 
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Figure 4-27: 300 kWh BESS performance. (a) State of charge of one battery. (b) Current 
profile of one battery (kA). (c) DC link voltage (p.u.). (d) Power injected by the BESS 

(kW) 
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To assess the effectiveness of dispatchability provided by the BESS, the difference 

between the total output and the desired set points is determined for solar case too. This 

difference dP = Pset – Ptotal is given in Figure 4-28 (a), and Figure 4-28 (b) shows the 

corresponding histogram. As these figures indicate, most of the time the deviations are 

within ± 0.09 MW, larger deviations occur rarely. 
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(b) 

Figure 4-28: Power deviations in net power supplied Ptotal around the desired set point Pset 
with 300 kWh BESS. (a) Power deviations dP = Pset – Ptotal (in megawatts). (b) 

Histogram of power deviations (%) 
 
To analyze the improvement obtained with the BESS integration furthermore, the power 

deviations can be compared with the case without BESS. The result without BESS was 

already shown in Figure 4-10. 
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If it is again assumed that the deviations up to ± 0.09 MW are acceptable, it is seen that 

with 300 kWh BESS, we can reduce the undesired deviations from 27% (Figure 4-10 (b)) 

to 8.7% (Figure 4-28 (b)). 

 

From the results of the two cases with solar and wind, it is seen that the BESS 

charge/discharge frequency is relatively high with the rule based control method, too, and 

as stated before, new type of batteries with high charge/discharge cycling rates would be 

needed for this application. 

 

The rule based control strategy considered also makes a compromise in that it limits the 

full utilization of the BESS capacity (i.e. 70% utilization) in order to extend the lifetime 

of the BESS. However, from the results, it is seen that we can decrease the undesired 

deviations much more with this method compared to SOC feedback control method and 

hence we need a smaller size BESS compared to the SOC feedback method – about 15-

25% of the wind farm/solar PV capacity – to obtain optimal tracking.  

 

It is also seen that rule based control performs very similar to optimal control since it is 

the closed loop optimal control implementation for the same objective function. 

Moreover, with the closed loop scheme, we eliminate the disadvantage of leaving the 

system open loop for the control window duration which was the case with the optimal 

control. Furthermore, relating the input and output by simply using the battery voltage 

also eliminated the requirement of mathematical model for the battery which is difficult 

to obtain usually. Finally, the computation time with this control scheme is lower since 

there is no need to solve the optimal control problem for each prediction window.  
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4.4 Control of STATCOM  

Having proposed three novel control methods for the outer control shown in Figure 4-1 in 

order to obtain the current reference, ibess
*, a method for the inner control i.e. for the 

control of STATCOM is described next. 

 

The control block diagram utilizing the reference signal obtained from the first part of the 

controller is given in Figure 4-29 [62], [63]. 

 

 
Figure 4-29: Control block diagram of STATCOM 

 
It is seen from Figure 4-29 that vector control technique [64], [65] is used to control 

STATCOM such that independent control of active and reactive power can be achieved 

via control of direct and quadrature axis currents namely, id and iq respectively. In order 

to input our current reference, ibess
*, to this control scheme the following equation which 

assumes input power to STATCOM is equal to output power of STATCOM is used:  
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**

2
3

ddobessin iUPEiP ===          (4-26) 

Using id
* obtained from equation (4-26), the active power flow control can be achieved 

by charging/discharging BESS dynamically. Furthermore, iq
* which is the reference 

current for the quadrature axis can also be used to control the reactive power flow [12]. 

 

Having showed the detailed block diagram for dynamic control of STATCOM in Figure 

4-29; for long term simulations, it should again be mentioned that, the dynamics of 

STATCOM can be ignored and represented as a gain block since the STATCOM 

response time is in the order of ms whereas the charge/discharge time of the battery for 

this application as shown before is in the order of minutes.  

4.5 Comparison of Methods   

In order to compare the three proposed methods for the outer control loop, simulations 

for wind case are repeated with three other BESS sizes; 5 MWh, 15 MWh and 20 MWh. 

To assess the effectiveness of dispatchability provided by each method, a performance 

index, namely PI, is defined which adds the undesired deviations i.e. dP = Pset – Ptotal. To 

formulate this index, it is again assumed that the deviations up to ± 3 MW are acceptable 

and hence the equation for PI can be written as: 

∑= xx dPNPI *           (4-27) 

which sums the unacceptable power deviations that are higher than 3 MW. In this 

equation, Nx represents the number of occurrence of the deviations. According to this 

index PI = 0 means perfect hourly dispatch. For example for the case without energy 

storage (i.e. Figure 4-6), the PI is 209.89 (worst case, highest PI).  

 

The comparison results obtained with the defined PI is shown in Figure 4-30. 
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Figure 4-30: Comparison of the three proposed methods 

 
It is seen from Figure 4-30 that the performance obtained with SOC feedback method is 

quite poor compared to the other two methods proposed. Moreover, it can also be 

observed that the rule based control and the optimal control performs very similar since 

rule based control is the closed loop solution of the optimal control problem. There is a 

slightly better performance with the optimal control scheme due to the 30 min prediction 

window (the optimal control case simulations are made with 30 min prediction window 

only). 

 

The comparison results also show that there is a decrease in an order of magnitude in PI 

when rule based or optimal control scheme is used even with 5 MWh storage. Hence, this 

shows that quite effective dispatch is obtained with these two methods. Moreover, the PI 

decrease slows down with increased BESS sizes for the rule based control and the 
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optimal control cases and hence there is not much difference in the dispatchability 

obtained between 10 MWh BESS and 20 MWh BESS with these two methods.  

4.6 Experimental Validation of the Rule Based Method 

In order to verify the simulation results, an experimental setup for the rule based method 

is developed. For this purpose, the setup shown in Figure 3-1 is simplified such that the 

BESS is replaced by a single lead-acid battery of 8 Ah, the grid is represented as two lead 

acid batteries of 8 Ah, and the converter (i.e. STATCOM) is represented by a half bridge 

circuit. Since Pwind and Pset are already known, we obtained the battery power reference 

signal i.e. Pbess,ref by taking difference of Pset and Pwind. As, instead of 10MWh BESS, a 

single lead acid battery ( WhVAh 1005.128 =× ) is used, Pbess,ref is scaled down by 100k 

times. The final experimental setup is shown in Figure 4-31. 

 

 
Figure 4-31: Experimental Setup 

 
In this setup, IGBTs are used as switches, current sensor is used the measure the battery 

current and current integration method is used to get the SOC from this measurement. 

Resistive divider is used to get the battery voltage. A fuse is placed after the inductor for 

protection, and also a current limit of ±3.6A is put for the current reference, ibess
*, which 

is the output of the rule based control for further protection. Moreover, the rule based 
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control and control of the half bridge is implemented in Matlab/Simulink and Dspace is 

used to obtain the PWM signals coming from the control output from Matlab/Simulink. 

The PWM signals obtained from Dspace are given into the gate driver of the IGBTs. The 

details of the hardware can be found in Appendix C. 

   

The aim is to show that the lead acid battery can indeed follow the current reference 

signal coming from the rule based control and charge/discharge the battery accordingly 

while keeping the battery SOC within 30%-100% and current between 3.6A and -3.6A as 

limited before. 

 

The experiment results obtained with a sampling time of 0.5 sec are shown in Figure 

4-32. 
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Figure 4-32: Single battery performance with rule based control. (a) Power reference, 
Pbess,ref, power injected by the battery, Pbess and scaled BESS power from simulation (W). 
(b) Current reference, ibess

* and current profile of the battery ibess
 (A). (c) State of charge 

of the battery. (d) Battery voltage (V) 
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It is seen in Figure 4-32 (a) that the battery can follow the power reference and 

charge/discharge accordingly as long as no limit is reached and; moreover, it is seen that 

the power profile obtained with actual battery is the same as the one obtained from the 

simulation results with 10 MWh BESS by using the same scale factor. Figure 4-32 (b) 

shows that the BESS follows the current command perfectly and sets the current to zero 

when SOC (Figure 4-32 (c)) reaches its limit of 1 p.u. because of the corresponding rule 

and similarly limits the current to 3.6A according to the current limit. Moreover, it is 

observed that charge/discharge period is in the order of minutes, and hence, the battery 

can achieve the ramp up/down required for perfect current following. From these results 

it can be concluded that the rule based method works perfectly and charges/discharges 

the battery accordingly while keeping the battery SOC and current within its proper 

limits. The battery voltage profile seen in Figure 4-32 (d) shows that keeping the SOC 

within the limits also keeps the battery voltage within safe levels. Moreover, it should be 

noted that a filter in Matlab/Simulink is placed in order to read the voltage values clearly 

coming from the resistive voltage divider after the 3rd hour. 
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5. BESS for Contingency Support  
Having showed that the rule based control provides the optimal solution and validated it 

with an experiment; another case study is made to show that BESS can also be used to 

absorb the wind generation during a contingency and hence wind curtailment could be 

avoided. For this purpose, the actual wind data shown in Figure 5-1 is used. 
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Figure 5-1: Wind farm power output (MW) 

 
Currently, the transmission lines that carry the power output of the wind farm get 

overloaded under contingency occurring in this wind generation area and in order to 

prevent the voltage collapse, wind farm curtailments take place. In order to prevent this 

curtailment, BESS can be used to store the excess wind generation during the 

contingency.  

 

To demonstrate the application of BESS for this problem, the rule based control will 

again be used with some modifications as described below: 

• Batteries charge/discharge according to the rule based control based on hourly 

dispatch profile, when the wind farm power output is less than 80% of its rated 

power (i.e. 55 MW). 
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• When the wind power output is more than 80% of its rated, the battery discharges 

to reach 30% SOC in preparation for a potential contingency. No hourly dispatch 

is done during the time when power output is at 80% or more of its rated value. 

• If a contingency happens, the battery absorbs energy to minimize wind farm 

curtailments and avoid transient instability during the time following the 

contingency on the system. 

• If the contingency is fixed before the battery SOC is at 100% and power output is 

less than 80% of the rated, battery goes back to hourly dispatch. 

• If the contingency is not fixed and the battery reaches 100% SOC, wind 

curtailments take place. 

To show the effectiveness of the BESS for this application, 32 MWh (8 MW 4 hour 

discharge) BESS size is selected. The same simulation setup with the rule base control is 

used for the simulations with the changes in the control as mentioned above. The 

simulation results obtained with 32 MWh BESS is shown in Figure 5-2. 
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Figure 5-2: BESS application for contingency support. (a) Pset: desired set point, Pwind: 
wind power, Ptotal: net injected power (in megawatts). (b) State of charge of one battery. 

(c) Current profile of one battery (kA) 
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It is seen from Figure 5-2 (a) that optimal hourly dispatch is obtained as long as the wind 

farm power output doesn’t reach its 80% of rated power. When it reaches 80% of its rated 

power (around 20th hour), it immediately begins discharging which can be seen by 

observing the decrease in the SOC of the battery in Figure 5-2 (b). When the contingency 

occurs at the 24th hour, the BESS instantaneously begins to absorb the excess power until 

it reaches 100% SOC. The current is kept within the limits during this operation which is 

seen in Figure 5-2 (c). By absorbing the excess power with BESS, it is seen that the total 

injected power to the grid can be reduced from 53 MW (before the contingency) to 45 

MW for two and half hours, i.e., until the BESS is fully charged. 

 

From this case study, it can be concluded that besides optimal hourly dispatch for wind 

power, prevention of wind farm curtailment can be achieved with the help of BESS. 
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6. Conclusions and Future Work 
In this thesis, three different control methods for BESS, which is to be integrated with 

renewable energy sources are proposed so that the intermittent renewable resource can be 

dispatched on an hourly basis like any other conventional generator. 

 

In order to develop the controllers, the reference power profile selection is made for the 

intermittent renewable energy source of interest and the required minimum BESS power 

and energy ratings are obtained. Furthermore, the challenges with BESS are determined 

for this application and the battery operation is characterized in terms of charge/discharge 

duration and lifetime. 

 

Having determined the reference power profile and characterized the battery operation, 

the three methods are explained and simulated. From the results of the simulations and 

analysis of the methods, it is observed that: 

• The dispatch performance obtained with SOC feedback method is quite poor 

compared to the other two methods namely optimal control and rule based control 

• The rule based control and the optimal control performs very similar since rule 

based control is the closed loop solution of the optimal control problem 

• There is a slightly better dispatch performance with the optimal control scheme 

due to the 30 min prediction window 

• The rule based method has several advantages over the optimal control such as 

less computation time, closed loop implementation, no need for mathematical 

model of the BESS 

• The BESS charge/discharge frequency is relatively high in this application; and 

hence, new type of batteries with high charge/discharge cycling rates are needed 

• The control methods considered make a compromise in that they didn’t utilize the 

BESS capacity fully in order to extend the lifetime of the BESS 
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• A large size BESS – about 15%-25% of the solar PV/wind farm capacity – is 

needed to have an effective hourly dispatch 

After the analysis of the simulation results, the validation of the best novel method 

proposed, i.e. the rule based control, is made by a simple experimental setup and 

moreover another case study with this method for contingency support is presented. 

 

For future study, other storage types suitable for this type of application, such as 

flywheels or different battery types can be analyzed, simulated and tested. Moreover, an 

improvement for testing of the rule based control can be made by letting the SOC of the 

battery to reach its lower limit and observe if the battery can give the desired power 

during low SOC levels (around 30%).  

 

Another important recommendation for future work will be to modify the rule based 

control so that when the battery is close to its lower (i.e. 30%) or upper SOC (i.e. 100%) 

limits, the rule based control should limit the power demand from the BESS due to the 

fact that the battery may not absorb all the desired power when it is close to its full 

capacity (around 95% SOC); and similarly, it can not provide the desired power when it 

is at a low SOC level (around 35% SOC). This characteristic of the battery can also be 

incorporated in the battery model in order to represent a more realistic battery. 

 

Finally, the solar data used in this study was obtained from a small scale PV system and 

scaled in order to represent utility scale PV system; however, for a better representation 

of utility scale PV system, actual power data from a PV system of 1 MW or bigger size 

can be used. 
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Appendix A: Battery Model 
 
The equations for the circuit components shown in Figure 3-3 can be written as follows 

[49]: 
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where Em was the open-circuit voltage (EMF) in volts, Emo was the open-circuit voltage 

at full charge in volts, KE was a constant in volts/°C, C1 was a main branch capacitance 

in farads, τ1 was a main branch time constant in seconds, R1 was a main branch resistance 

in ohms, R10 was a constant in ohms, R2 was a main branch resistance in ohms, R20 was a 

constant in ohms, A21 was a constant, A22 was a constant, Im was the main branch current 

in amps, Ip was the current loss in the parasitic branch, Vpn was the voltage at the 

parasitic branch, Gpo was a constant in seconds, Vpo was a constant in volts, Ap was a 

constant, Rp was a parasitic resistance in ohms, R0 was a resistance in ohms, R00 was the 

value of R0 at SOC=1 in ohms, A0 was a constant. Typical values of these constants can 

be found in [49]. Moreover, the definition for SOC is already provided in equation (3-1) 

and the DOD can be defined as: 
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where Iavg was the mean discharge current in amps and the definition for Qe and C were 

given in equation (3-2) and equation (3-3) respectively. 
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Appendix B: Derivation of the mathematical model 
 
By looking at Figure 4-11 we can derive the equations as follows: 
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After simplification we get: 
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Appendix C: Experimental Setup details 
 
The following components are used in the experiment: 
 

Table A.1: Used Parts 
Component Name Detail 
IGBT Module Powerex CM300DY-12E
Gate Driver Powerex BG2B 
Batteries Lawn and Garden 
Current Sensor Tamura L18P015D15 
Inductor 440 µH 
Resistive Divider 2x 510 kΩ 
Dspace DS1104 
Matlab 7.1.0 
Fuse 4 A 
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