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I 

 

Summary 

The demand on energy supply increases continuously as economies develop and 

world population grows. Most of the energy in the world comes from the fossil fuels 

and the increase in energy demand accelerates the rate of depleting the fossil fuel 

resources. As fossil fuel is finite and also due to the environmental considerations, 

renewable energy (RE) resources have been actively developed as the alternative 

sources for electricity generation. Renewable sources used for large-scale electricity 

production can include wind, photovoltaic (PV), waves and so on. Among all the RE 

resources, wind power generation is witnessing rapid developments in recent years. 

Unfortunately, wind tends to be unsteady. The fluctuating and uncertain output 

powers from wind farms can be problematic, especially if there is a high penetration 

level of the renewable source in a grid system. The fluctuations may lead to excessive 

voltage variations and unacceptable degree of frequency deviations. Moreover, the 

unsteady and uncertain input wind power can cause firm power dispatch commitment 

from wind farms a difficult task. Expensive generation reserves have to be provided 

for grid system to ensure adequate level of system security and reliability is 

guaranteed. In fact, power generation from wind farms has often been excluded in the 

dispatch planning of the grids. Unless other viable techniques can be found, the above 

issues can constitute major impediment to the successful large-scale integration of 

wind power generation into grid systems.  

In this connection, the use of energy storage system (ESS) is one possible solution to 

mitigate the negative impacts of the unsteady wind power on electricity supply 

systems and to improve on the dispatchability of the wind power. In this investigation, 

in order to smoothen the fluctuations in the wind and to realize the dispatch planning 

of the wind power in a way similar to that of conventional generators, it is proposed 

that a three-level ESS is incorporated in a large-scale wind power generation scheme. 



 

II 

 

In essence, at cluster-level of wind turbine generators (WTG), the solution involves 

having the high- and mid-frequency components of the aggregated wind power routed 

to supercapacitors (SC) and battery banks respectively of a battery-supercapacitor 

hybrid energy storage system (BSHESS) by a high-pass filter (HPF) and a band-pass 

filter (BPF). It then results in the smoothening of the wind power harnessed by the 

cluster. In this thesis, the BSHESS control scheme to reduce the wind power 

perturbations has been shown. A statistical method is also developed to determine the 

capacities of the minimum-cost BSHESS to meet the power smoothing objective at 

pre-specified probability level. Application of the proposed design approach is 

demonstrated using data obtained from an existing wind farm. 

As for dispatch planning, attention is to use a low-pass filter (LPF) to extract the low-

frequency intrinsic mode and residue functions of wind power. The relatively slow-

changing characteristics of the low-frequency wind power components, which contain 

most of the energy in the wind power, allow accurate forecasts of the power 

components to be obtained using artificial neural network (ANN). Dispatch planning 

of the wind power is then realized through buffering the low-frequency power 

fluctuations by a proposed power flows control strategy applied to a pumped 

hydroelectric storage (PHS) system. Focusing on low-frequency wind power for 

dispatch planning is a distinct advantage over the dispatch planning methods proposed 

by other researchers. Furthermore, a statistical method to determine the power and 

energy capacities of the PHS is included. The efficacy of the developed approach to 

dispatch planning is again illustrated based on data obtained from an existing wind 

farm. 

In all the above works, suitable cut-off frequencies for the HPF, BPF and LPF are 

derived based on the developed concept of minimum overlap energy and the outcome 

of empirical mode decomposition (EMD) analysis. EMD method is used to gain 

insights into the frequency-time characteristics of wind power. In this manner, the 

wind power can then be grouped into high-, mid- and low-frequency bands.   
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CHAPTER 1. Introduction 

1.1 Background and Motivation 

In the mid-eighteenth century, the industrial revolution began. The revolution was 

further promoted by the electrification and relevant technologies in the nineteenth and 

twentieth century [1]. Human life was completely changed. All of this cannot be 

achieved without an abundant and economical supply of energy. The demand on 

energy supply will continue to increase with the growth of the population, enhanced 

lifestyle and the development of economy and technology [2]. The International 

Energy Agency (IEA) declared that the world’s energy demand will rise from 12 

billion tonne oil equivalents (t.o.e) in 2009 to about 17.5 billion t.o.e by 2035 [3].  

About 80% of the energy in the world is derived from the fossil fuels, such as oil, coal 

and natural gas. However, the fossil fuels are exhaustible, so the human race will face 

the problem of their depletion after one or two generations at the current rate of 

extraction. Besides, the burning of the fossil fuel has a harmful influence on the 

environment [4]. The first environmental problem is global warming which is the 

result from the carbon-dioxide emissions [5]. It is estimated that the carbon-dioxide 

emissions will increase from 29 gigatonnes per year (Gt yr-1) to 43 Gt yr-1 under the 

current policies on fossil-fuel usage or to 36 Gt yr-1 under new policies: The new 

policies consider the commitment by the countries to decrease the emission of the gas 

that contributes to the greenhouse effect and plan the allowance for the fossil energy 

[1]. Other environmental problems include air contamination, acid rain, ozone 

depletion, deforestation, and emission of radioactive materials [2]. Furthermore, the 



CHAPTER 1  

 

2 

 

production cost of the fossil fuels will rise since more advanced technologies are 

needed to exploit these resources.  

The energy crises and the environmental degradation are the two main impetus which 

drive the human race to look for and to develop renewable energy (RE) resources 

such as wind, solar, hydroelectric, geothermal, ocean, and biomass [6]. These sources 

are clean, practical, sustainable and environmental-friendly alternative sources 

compared to conventional energy sources. The integration of electric power 

generation from RE brings about advantages such as decreased use of the fossil-fuels 

and CO2 emissions [7]. Each kind of RE has its own particular strengths as well [8]. 

RE which has strong potential is regarded as a significant source in many countries all 

over the world [9-16]. As a result, there has been a significant rise in the share of RE 

in some countries for the past two decades [17]. For instance, approximately 11% of 

the main electric power generation in the US is from RE. In China, RE shares 26% of 

installed gross generation capacity. Similarly, in Germany, about 11% of the energy 

consumption comes from RE [18]. The UN’s Intergovernmental Panel on Climate 

Change (IPCC) has projected that around 77% of electrical power all over the world 

can be provided by RE by 2050. Deployment of 100% RE system is also envisaged to 

be economically and technically feasible in the future [19]. 

Among all the renewable alternatives, wind power is one of the most promising 

replacement sources to the conventional fuels. Wind energy use has a history of over 

3000 years. Wind began to be harnessed in electricity generation around 120 years 

ago [20]. When oil crisis occurred in 1973, oil price increased sharply and it provided 

an opportunity for the fast development of wind power. The American government 

started on research and development (R&D) of wind energy and it is one of the most 

significant milestones in wind history [21-24]. Unfortunately the momentum did not 

sustain in subsequent years [25]. It was only in the past decade that the world has 

witnessed rapid development in wind energy market and the evolution of the wind 
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turbine technology due to policies enacted by many countries. Countries including 

Germany, the US, Denmark, Spain and China devoted themselves to the wind energy 

development [25-27]. From the 21st century, the global capacity of the wind power 

has doubled about every 3.5 years. World-wide total installed wind power capacity 

has grown from 17 GW in 2000 to 238 GW in 2011 [28]. The World Wind Energy 

Association (WWEA) has declared that the capacity will soar to 1500 GW by 2020 

[29].  

Unfortunately, nearly all the RE generation is highly dependent on the weather and 

climate conditions. Electricity production from wind is random and intermittent. Its 

stochastic nature makes large-scale introduction of wind power generation into grid 

systems extremely challenging because wind power variability poses threats to the 

reliability and security of the electrical power systems. Specifically, the wind 

variability has a negative impact on the system voltage quality. This is an extremely 

significant aspect of power delivery because of its impact on economic benefit [30]. 

Also, it brings about negative influence on power balance problems. Due to the 

fluctuations of wind power, more reserves are necessary to compensate for the 

variability. Furthermore, the stochastic nature of the wind power makes the accurate 

forecast of it an extremely difficult task. This impedes the dispatch commitment of 

significant proportion of wind power generation into the grid system. The detailed 

discussions on the stochastic nature of wind speed and wind power, the impact of 

wind power variability on the power system and the wind power dispatch problem are 

given in Chapter 2.  

One possible solution to enable the intermittent RE to be more competitive with the 

traditional fuels is to use energy storage system (ESS) [31-33]. ESS can be used to 

smooth out the wind power fluctuations [34, 35] and to improve on the dispatchability 

of the wind power [36, 37]. These are therefore the two main topics in this thesis. 

Other applications of the ESS in wind power include improving the low-voltage-ride-
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through (LVRT) ability of the wind generators [38, 39], controlling the voltage and 

frequency of the grid system [40, 41], load following [42, 43]. In meeting these 

objectives, many types of ESS could be considered for use. When choosing an ESS 

for a specific application, some factors such as energy density, power density, cycle 

times, response time, power rating, capital cost must be taken into considerations. The 

introduction of some common ESS and the comparison of their main technical 

characteristics are also presented in Chapter 2.  

As the total installed wind capacity increases, it is important to ensure that the wind 

generators should not negatively impact excessively on the power quality of the 

power systems. Also, it is desirable that the power output of the wind generators can 

be scheduled in a way similar to that of conventional generators. Hence, method(s) to 

achieve these objectives is most desirable. With these objectives in mind, a three-level 

ESS scheme is proposed in this thesis to realize the large-scale integration of wind 

power generation into grid system. Specifically, supercapacitors (SC) and battery 

energy storage system (BESS) are designed to remove high-frequency and mid-

frequency wind power fluctuations. The pumped hydroelectric scheme is also 

designed to buffer the low-frequency components to achieve wind power 

dispatchability. The design is realized by firstly segregating the wind power into high-, 

mid- and low-frequency bands using high-pass, band-pass and low-pass filters. The 

cutoff frequencies of the filters are determined based on the developed minimum 

overlap energy concept and its application to the results of empirical mode 

decomposition (EMD) of the wind power.  

1.2 Major Contributions 

The main contributions of this study can be summarized as follows. 
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1. Proposition of the wind power generation-three level ESS scheme for wind 

power smoothing and wind power dispatch planning. A large-scale wind 

power scheme containing three types of ESS is proposed in Chapter 3. The SC, 

working in conjunction with the designed high-pass filter (HPF), is to remove the 

high-frequency perturbations of the wind power while the BESS and the band-

pass filter (BPF) work to deal with the mid-frequency wind power oscillations. 

The pumped hydroelectric storage (PHS) and the low-pass filter (LPF) act to 

buffer the low-frequency components, for the purpose of realizing the dispatch 

planning of the wind power.  

2. Proposition of an EMD-based method to determine the cutoff frequencies of 

the HPF, BPF and LPF. In order for the power smoothing and dispatch planning 

tasks to be carried out satisfactorily, the cutoff frequencies of the three filters must 

be appropriately set. The author of this thesis is unaware of any reported work on 

method to determine the filters’ cutoff frequencies for achieving the said 

objectives. A method to determine the cutoff frequencies is described in Chapter 3 

and it is based on the concept of minimum overlap energy applied to the results of 

EMD of wind power data.  

3. Design of battery-supercapacitor energy storage system for the purpose of 

eliminating wind power fluctuations. In practice, it is not possible to utilize only 

one type of ESS to buffer both the high- and mid-frequency oscillations of wind 

power generated at a wind farm. Consequently, a hybrid ESS which consists of 

BESS and SC is utilized in Chapter 4 to remove the wind power perturbations. A 

real-time control scheme of the battery-supercapacitor hybrid energy storage 

system (BSHESS) for wind power smoothing is also presented. Furthermore, as 

capital investment of the ESS can be significant, the capacity of the ESS has to be 

carefully determined at the planning stage. A statistical method to determine the 

power and energy capacities of the minimum-cost BSHESS is therefore developed 



CHAPTER 1  

 

6 

 

to smooth the wind power fluctuation. The designed BSHESS is to achieve 

successful power smoothing at pre-specified probability level.  

4. Dispatch planning of wind power based on low-frequency components of the 

wind power and the utilization of PHS. For generators participating in power 

market, including wind turbine generators (WTG), they are expected to submit 

their generation bids a day or so ahead so that grid operators can carry out short-

term dispatch planning. Generally it is challenging to forecast wind power 

accurately. Hence wind farm operators find it extremely difficult to commit the 

generation schedule a day or so ahead. To overcome this difficulty, a method is 

proposed in Chapter 5 to enhance the dispatchability of the wind power. A 

strategy is developed to control the power flows of the PHS so as to buffer the 

low-frequency components of the wind power. The components are focused on for 

dispatch planning because these power components are expected to contribute the 

most significant proportion of the net export of energy to the grid system from the 

wind farms. Also, accurate forecast of the low-frequency wind power components 

is much readily achievable, compared to that of forecasting the complete wind 

power. Finally, the chapter also describes a method to determine the power and 

energy capacities of the PHS based on a statistical approach.  

1.3 Organization of the Report 

The focus of this thesis is on the design of the energy storage systems for the 

smoothing and dispatch planning of large-scale wind power generation. Hence, the 

organization of the thesis is designed to provide a logical flow of the work, as follows. 

Background materials and literature review pertaining to the subject matter are given 

in Chapters 1 and 2. Then the general energy storage scheme proposed in this thesis is 

described in Chapter 3. Chapters 4 and 5 respectively focus on the smoothing and 
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dispatch planning of wind power generation. Main findings and suggested future 

works are included in Chapter 6.  

Hence specifically in this thesis: 

Chapter 1 provides the background, motivation and the main contributions of this 

project. 

A brief review on the variability nature of wind power and the current wind power 

forecasting methods is given in Chapter 2. A discussion on the impacts of wind power 

variations on power system and the difficulty of dispatch planning of wind power is 

included. The chapter also contains a description of some common ESS and the 

comparisons among these storage technologies.  

An ESS wind power smoothing and wind power dispatch scheme is proposed in 

Chapter 3. The method to determine the cutoff frequencies of the HPF, BPF and LPF 

which segregate the wind power into high-, mid- and low-frequency components is 

included. Results of this chapter pave the way for the development of the smoothing 

and dispatch planning schemes described in subsequent chapters. 

In Chapter 4, the design of battery-supercapacitor energy storage system for removing 

wind power perturbations is presented. The motivation for utilizing the BESS and SC 

to smooth the wind power is given. The study also includes the BSHESS control 

scheme. A statistical method to determine the optimum BSHESS storage capacity is 

described.  

A new method to carry out dispatch planning of wind power is proposed in Chapter 5. 

The study also explains why the low-frequency wind power components are 

considered for dispatching and provides the reason for the choice of the PHS as the 
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storage media to buffer the low-frequency wind power components. Furthermore, the 

PHS power and energy capacities are determined. 

Chapter 6 concludes the main findings of this thesis and provides some research 

directions for future works. 
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CHAPTER 2. Wind Power, its Impacts on Grid and the 

Role of Energy Storage Systems in Wind Power Smoothing 

and Dispatch Planning:  A Literature Review 

As has pointed out in the previous chapter, wind power generation has seen rapid 

growth in recent years. However, wind tends to be unsteady and as the proportion of 

wind generation increases in a grid, the perturbing wind power may degrade the grid 

system reliability and security to unacceptable level. The main practical problem is 

due to the difficulty to predict wind power accurately. This means that firm power 

dispatch commitments from wind farms remain a challenging task. While research 

attention continues on developing accurate wind power forecasting techniques, in 

recent years, the use of ESS has been extensively investigated as one possible solution 

to mitigate the impacts of the fluctuating wind power and to improve wind power 

dispatchability. In view of this, the purpose of this chapter is to provide a brief 

introduction on wind power variability in Section 2.1. The impacts of the variable 

wind power on power quality and dispatch are explained in Section 2.2 and Section 

2.3 respectively. Finally, ESS commonly found in power systems shall be described 

in Sections 2.4. 

2.1 Wind Power Generation 

As a fluid, the motion of wind is governed by the Navier- Stokes (N-S) equation, 

which includes such parameters such as density, velocity, pressure, dynamic viscosity 

of the fluid and so on. However, wind velocity tends to be stochastic and difficult to 

predict accurately since wind is random and is dictated by the weather [44]. Wind 

speed changes all the time, with the result that the amount of wind power that can be 
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extracted by wind turbines also varies. The uncertain nature of the wind speed and 

thus wind power can be characterized as a random variable. In this section, the 

random wind speed and wind power shall be described in statistical terms.  

2.1.1 Wind speed variability 

2.1.1.1 Statistical characterization of wind speed 

 

Figure 2.1. Wind frequency spectrum [45] 

The variation of wind speed is a function of time and a convenient way to describe the 

variation is through the use of its frequency spectrum. Figure 2.1 shows the frequency 

spectrum of wind speed variations, from the time scales of a few seconds to over 

several days. It is a measure of the distribution of the variance of the wind speed over 

the various frequencies or periods. The unit of the y-axis is (speed)2. The figure shows 

the turbulent peak results from the wind gust in the range of tens of seconds to a 

minute or so. The daily wind speed variations determine the diurnal peak. The 

synoptic peak which includes daily to weekly or even seasonal cycles is dependent on 

the varying weather patterns. In the context of the impacts of wind power on grid 

systems, the turbulent peak would influence the grid power quality while the diurnal 
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and synoptic peaks would cause the power imbalance of grid system in the daily and 

longer term [7].  

2.1.1.2 Weibull and Rayleigh distributions of wind speed 

The random wind speed variations can be represented by standard statistical functions. 

In order to find out the most suitable function to describe the variations, various 

statistical functions had been applied and the results compared with the distribution of 

the actual wind data. The Weibull and Rayleigh functions were found to be able to 

represent the wind speed distribution with certain degree of accuracy [44, 46-49]. This 

method of quantification was firstly proposed in 1970s and has been widely used to-

date when analyzing wind characteristics in a statistical manner [50]. 

In Weibull distribution, the wind speed can be described by the following functions: 

• The probability density function (PDF) 

• The cumulative distribution function (CDF) 

The PDF f(vw) refers to the probability that the wind speed is equals to vw and it is 

given by 

 ( )
( )1

exp , 0

k k

w w
w w

v vk
f v v

e e e

−      
= − < < ∞     
      

 (2.1) 

where e is scale factor (unit of wind speed), k is shape factor (dimensionless). 

The CDF indicates the probability that the wind is equal to or less than vw, so it is the 

integral of PDF, i.e.  
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w w w

v
F v f v dv

e

α   
= = − −  

   
∫  (2.2) 

The probability density and CDF of wind speed which follows the Weibull 

distribution are shown in Figure 2.2 and Figure 2.3 respectively. In these figures, k = 

2.8 and e = 6.9 m/s. From Figure 2.2 , it can be seen that the most frequent wind speed 

is about 6 m/s because its corresponding probability density is the largest.  

 

Figure 2.2. Weibull probability density function [47] 

 

Figure 2.3. Weibull cumulative distribution function[47] 
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Figure 2.4. Weibull probability density function for different shape factors [47] 

 

Figure 2.5. Weibull cumulative distribution function for different shape factors 

[47] 

The parameter k determines the uniformity of the wind. This is why k is called the 

shape factor. Figure 2.4 and Figure 2.5 show the influence of the shape factor k on the 

Weibull probability density and Weibull cumulative distribution. The scale factor e is 

constant at 9.8 m/s. From the figure, one observes that with the increase of k, the 

uniformity of wind also increases.  
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The probability that the wind speed is within the range of vw1 to vw2 can be obtained 

from the CDF. It is the difference between the cumulative probability corresponding 

to vw1 and vw2, i.e.,  

 1 2
1 2 2 1{ } ( ) ( ) exp exp

k k

w w
w w w w w

v v
P v v v F v F v

e e

      
< < = − = − − −      

         
  (2.3) 

In (2.3), P{∙} denotes the probability the condition {∙} is met.  

In order to satisfy the maximum probable loads, the probability that the wind velocity 

is higher than certain value vwx is important and it is given by 

 { } 1 {1 exp } exp

k k

wx wx
w wx

v v
P v v

e e

      
> = − − − = −      

         
  (2.4) 

When sufficient wind data for a short time is not available, the wind data are assumed 

to be in a form of average wind speed Vm over a given period. Take k = 2 for Weibull 

distribution, Rayleigh distribution can be derived. It is a special and simplified case of 

Weibull distribution. The PDF of Rayleigh distribution is  

 
2

2
( ) exp{ [ ( / ) ]}

2 4
w

w w m

m

v
f v v V

V

π π
= −   (2.5) 

And the CDF is 

 2( ) 1 exp{ [ ( / ) ]}
4

w w m
F v v V

π
= − −   (2.6) 

The probability that the wind speed is within the range of vw1 to vw2 is 

 2 2

1 2 1 2{ } exp{ [ ( / ) ]} exp{ [ ( / ) ]}
4 4

w w w w m w m
P v v v v V v V

π π
< < = − − −   (2.7) 

The probability that the wind velocity is higher than certain value vwx is  
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 2 2{ } 1 (1 exp{ [ ( / ) ]}) exp{ [ ( / ) ]}
4 4

w wx wx m wx m
P v v v V v V

π π
> = − − − = −   (2.8) 

2.1.2 Wind Power Variability  

The variability of wind speed has been described in statistical term in the previous 

section. Next, the relationship between the wind speed and the generated wind power 

will be shown and the wind power distribution can be derived based on the wind 

speed distribution. The derived expressions can be used to describe the stochastic 

nature of wind power.  

2.1.2.1 Wind power generation  

The active power harnessed by wind turbine can be estimated from the equation: 

 
2 30.5

ww p
vP r Cρπ=  (2.9) 

where ρ is the air density; r is the radius of the wind turbine; vw is the wind speed. Cp 

is the turbine-rotor-power coefficient defined as a function of the pitch angle β and of 

the tip speed ratio λ = ωrr/vw. ωr is the rotational speed of turbine rotor [51]. The 

approximate expression of Cp is 

 
12.50.22(116 0.4 5) z

p
C z eβ −= − −  (2.10) 

 
31/( 0.08 ) 0.035/( 1))z λ β β= + − +  (2.11) 

where z is just an intermediate variable. 

Equation (2.9) indicates that the wind power generated by a wind turbine varies by the 

cube power of the wind speed. Consequently, the generated power varies with the 

wind speed in a highly non-linear manner.  
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Maximum power from the wind can be extracted by controlling the rotational speed of 

turbine rotor ωr. The reason is as follows. From (2.9), it is clear that Pw depends on 

the selection of Cp. When Cp is controlled at the optimal value Cp_opt, maximum wind 

power can be reached. For a specific pitch angle β, there is an optimal λopt 

corresponding to Cp_opt. When the pitch angle β is zero, the corresponding value of 

Cp_opt is the maximum. This is because the moving fluid of wind can generate a torque 

to drive the shaft of wind turbine. When β is zero, the torque is at the maximum. 

Considering λ = ωrr / vw, the rotor speed of turbine ωr must change with the variation 

of wind speed vw in order to maintain the optimal λopt. The optimal rotor speed is 

denoted as ωr_opt. [52]. In practice, a control system is used to ensure the wind turbine 

to operate at ωr_opt [53]. This is the so called “rotor speed control” (RSC). As a result, 

a variable rotor-speed wind turbine is capable of achieving maximum power point 

tracking (MPPT). The maximum wind power can be expressed as [51] 

 
_

5

3

3

_ _

2

_

3

0.5

0.5 /

p opt

p opt

w opt w

r opt opt

r vP C

r C ω

ρ

ρ λ

π

π

=

=
 (2.12) 

 

Figure 2.6. Turbine output power – wind speed curve of wind power generator.  
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The output power of a wind turbine reaches its rated value at rated wind speed. When 

the wind speed is higher than its rated value, pitch angle control would be used to 

increase the pitch angle of the blades in order to decrease Cp so that the generated 

wind power is maintained at the rated power. Furthermore, the turbine requires certain 

amount of power to overcome rotational losses. At lower than the cut-in wind speed, 

the generated power is insufficient to make up the losses. Hence when the wind speed 

is lower than the cut-in wind speed, the wind turbine would stop working. On the 

other hand, if the wind speed is higher than the cut-off wind speed, the turbine would 

also stop working so as to protect the turbine from mechanical damage. 

In summary, the relationship between the wind turbine power (Pw) and wind speed (vw) 

shown in Figure 2.6 can be stated as  

 , ,

,

2 3

0; ( )

; ( )

; (5 )0.

w in w out

w w r w r w out

p in w ww r

v v or v v

P P v v v

v v v vr Cρπ

 < ≥


= ≤ <


≤ <

 (2.13) 

where vin is the cut-in wind speed, vout is the cut-off wind speed, vw,r is the rated wind 

speed and Pw,r is the turbine rated power.  

2.1.2.2 Statistical characterization of wind power  

As the wind speed distribution and the relationship between the wind power (Pw) and 

wind speed (vw) are now known, the statistical distribution of the wind power can be 

derived.  

Firstly, the PDF of wind power is discussed. PDF refers to the probability that the 

wind power is equals to Pw. From (2.13), Pw is a piecewise function, so the PDF of 

wind power would be considered for each of the intervals.  
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Suppose the wind speed follows Weibull distribution. Thus if vw < vin or vw ≥ vout, Pw is 

zero. According to (2.4), the PDF when this occurs is  
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  (2.14) 

If vw,r ≤ vw < vout, Pw = Pw,r and the PDF of this happening is  
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  (2.15) 

Lastly, if vin < vw < vw,r, the PDF of Pw is  
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 (2.16) 

where h = (vw,r/vin)-1. (2.14), (2.15) and (2.16) are derived based on the theory of 

statistics of random variables [54, 55] and from the wind speed distribution.  

The CDF of wind power is the probability the wind power is equal to or less than Pw 

and it is the integral of PDF. The derivation of CDF of wind power also has to 

consider the piecewise property of Pw. Thus when vin < vw < vw,r, the integration of the 

PDF of wind power (i.e. (2.16)) is 
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 (2.17) 
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Moreover,  

 ,{ } 0
w w r

P P P> =  (2.18) 

Based on (2.14), (2.15), (2.17) and (2.18) and according to the probability theory [54], 

the CDF of Pw is  
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(2.19) 

Examples of PDF and CDF of wind power with different values of the shape factor k 

are shown in Figure 2.7 and Figure 2.8 respectively.  

 

Figure 2.7. Examples of PDF of wind power [56] 



CHAPTER 2 

 

20 

 

Figure 2.8. Examples of CDF of wind power [56] 

Figure 2.7 shows that the shape of the PDF of wind power depends on the value of k. 

Figure 2.8 shows that the CDF of the wind power is not that sensitive to k. With the 

increase of Pw, the CDF also increases. 

Suppose the wind speed obeys Rayleigh distribution. Thus if vw < vin or vw ≥ vout, Pw is 

zero. According to (2.8), the PDF when this occurs is  
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  (2.20) 

If vw,r ≤ vw < vout, Pw = Pw,r and the corresponding PDF is  
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Lastly, if vin < vw < vw,r, the PDF of Pw is  
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The derivation of CDF of wind power also has to consider the piecewise nature of Pw. 

Thus when vin < vw < vw,r, the integration of the PDF of the wind power (i.e. (2.22)) is 
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Moreover,  
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In summary, the CDF of Pw is  
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2.2 Impacts of Wind Power on the Quality of Supply  

The fact that the wind power fluctuates all the time has negative influences on the 

power system. There are two main problems: The impacts on voltage quality and on 

power balance. They will be explained in detail as follows.  

2.2.1 Impacts on voltage quality  

Voltage quality is an extremely important issue because it has great economic impact 

on industrial loads, electric utility and consumers [57]. Unfortunately in a power 
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system with high penetration of wind power, the variability nature of wind brings 

about the voltage quality problem [58-60].  
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Figure 2.9. Schematic of grid-connected wind farm 

As an initial attempt to gain an understanding of the impacts of wind power on 

voltage quality, the rather generic power system shown on Figure 2.9 is examined. It 

can be used to represent a network in which power is supplied to a remote area which 

has its own local renewable generation. Thus, in terms of power flows, the wind farm 

is intended to meet part of the local load demand, and the supply is supplemented by 

the upstream grid system. The wind farm operates as a local power supplier when 

wind blows and the farm is likely to consist of a number of WTG. Hence the single 

WTG-converter unit shown in the figure would represent the aggregate of a number of 

WTG and their associated power converters, to yield the total complex output power 

Pw+jQw. While there are many other versions of power converters used in conjunction 
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with WTG, the form shown in Figure 2.9 has been adopted as it is one of the most 

common and well-established types used in present-day wind farms. 

As the upstream grid system generally tends to be complex, it is proposed to represent 

the grid by its Thevenin equivalent: �������  and �������  are the source voltage and source 

impedance, respectively. The phase angle of the source voltage is set as the reference 

angle in this study. 	����� is the load voltage. This representation is acceptable as in this 

study and the focus is on the impacts of the wind farm on the load area voltage quality. 

Hence the grid system can be represented in this simpler way.  

The WTG capture the wind power from the wind and the power is transmitted through 

the AC/DC rectifier and the DC/AC inverter. The rectifier is controlled to extract the 

maximum power from the wind and to optimize the WTG operation. Since there is 

limited energy storage capacity in the converter system, thus at any given instance, Pw 

would be equal to the wind power harnessed from the wind. Thus the inverter is 

usually controlled to manipulate the output reactive power Qw. This is done, for 

example, to exercise certain amount of load bus voltage control.  

In Figure 2.9, ������� represents the injected current from the wind farm into the load area. 

By applying KCL to Figure 2.9 and based on power balance in the equivalent circuit, 

the steady-state equations can be obtained: 
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 (2.26) 

A brief derivation of (2.26) is given below. By applying KCL and KVL to Figure 2.9, 

 wL s
I I I= +
� � �

 (2.27) 
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 L s s s
V E Z I= −
� � � �

 (2.28) 

Complex power of the load and the WTG injected power are given as  
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From (2.28), (2.29) and (2.30), 
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By substituting (2.31), (2.32) and (2.33) into (2.27), and after some manipulations and 

the separation of the real and imaginary parts, it can be readily shown that (2.26) will 

be obtained. 

Equation (2.26) governs the steady-state behavior of the system. For a fixed upstream 

grid system, Es, Rs and Xs are constant and known. As wind speed varies continuously, 

so Pw would fluctuate in manner which is often difficult to predict precisely. 

Furthermore, the load PL+jQL also tends to vary with time. Hence, the values of Pw, 

PL and QL are continually varying. Hence the magnitude of the load voltage cannot 

remain constant. This has explained how the voltage of the load area near wind farms 

is impacted by the wind power fluctuations. 
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2.2.2 Impacts on power balance  

Another influence of wind power variation on the power system is on the power 

balance [61-64]. This is also explained by using Figure 2.9. In Figure 2.9, the power 

balance equation is 

 s w LP P P+ =  (2.34) 

Equation (2.34) holds on any condition and at any time. The generation and demand 

are required to match with each other at any moment. Whatever generated is 

consumed at the same time. Apart from Pw, the load PL also tends to vary with time. 

Any change of Pw and PL has to be offset by Ps at the same time. In conventional 

generators, Ps is more readily “controllable” compared to the wind and demand, so 

one can readily adjust the amount of fuel to produce the needed power for power 

balance. 

Ps is generally produced by synchronous generators in traditional power stations. The 

rotor of the synchronous generator is driven by turbine (hydro or steam). The power 

from the synchronous generator Ps is the sum of the power from the hydro/steam 

turbine PT and the power stored in the rotating mass PR. If Ps and PT remain 

unchanged, the kinetic energy stored in the rotating mass and the rotor speed ω are 

constant. If there is a sudden change in Ps, it results in variation in PR as the balance 

of power is broken. Then it causes the rotating speed of the rotor ω to change. 

Whence 

 
1

( )
2

T s

d
P P
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ω∆
= ∆ − ∆   (2.35) 

where H is the inertia constant and ω is the rotor speed of synchronous generator. 

After taking Laplace transform for (2.35), 
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Figure 2.10. Generator block diagram [65] 

 

Figure 2.11. Schematic diagram showing the frequency control mechanism of a 

synchronous generator 
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Figure 2.12. The network frequencies with and without frequency control after a 

sudden decrease in Ps 

As the rotor speeds of many synchronous generators in the power system synchronize 

with each other to produce the common frequency of the power system, the change of 

rotor speed would lead to the deviation of network frequency. Thus, the variations of 

the wind power and demand which have to be offset by Ps would bring about the 

change in the network frequency. The frequency deviation means the mismatch 

between power generation and consumption in the power system.  

In order to restore the frequency back to the nominal frequency or to within 

acceptable range, frequency control [64, 66-69] is necessary. The schematic diagram 

of frequency control mechanism of a synchronous generator is shown in Figure 2.11. 

Firstly, primary control system would sense the frequency deviation (∆f ). The turbine 

input valve would be adjusted to regulate the power output PT from the turbine within 

30 seconds to 1 minute since the occurrence of the frequency change. PT would be 
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increased when the frequency drops. Conversely it would be reduced if frequency 

increases. Secondary control, i.e. automatic generation control (AGC), would be in 

operation in 10-30 minutes to replace the primary control if the electrical frequency 

still deviates from the nominal frequency or beyond the allowed limits. The secondary 

control capacity (also known as secondary reserve) would replace the primary control 

capacity (also called primary reserve). With the frequency control, the generation and 

demand mismatch will be reduced and the frequency deviation would be alleviated. 

Figure 2.12 illustrates the advantage of the frequency control. The process begins with 

the sudden decrease of the generated power PS due to an external grid disturbance for 

example. So PS is suddenly less than PT. Under the no-control scenario, this power 

difference causes the generator to speed up, eventually to another steady-state value. 

However, with speed-governor control action, the control system would sense the 

speed increase. The turbine input valve would then be adjusted to decrease the power 

output PT until the frequency is brought back to the pre-set value. 

If wind power generation is connected to the power system as shown in Figure 2.9, 

compared with a power system with only varying load, the fluctuating Pw would 

increase the variability factor. This will increase the difficulty in the balancing of the 

generation and consumption. The primary and secondary control must balance more 

mismatch. More primary and secondary control capacities (therefore, higher costs) are 

required to maintain the frequency within reasonable limits. As the wind power 

penetration increases, the influence of wind power fluctuation on the primary and 

secondary control capacity also increases. For example, reference [70], which focuses 

on the hourly variations of wind power, shows that for a power system with 10% wind 

power penetration, the operating reserve needs to increase by 1.5%-4% of the total 

wind capacity in order to ensure adequate level of system security and reliability. So 

in order to participate in modern power market in which up-to-a-day ahead short-term 

power dispatch commitments need to be made, the wind generators would have to 

rely on wind power forecast. Unfortunately wind power forecast cannot be 100% 

accurate, with the result that the forecast error has to be dealt with by the provision of 
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the secondary reserve. A report in 2006 drew the conclusion that the cost of reserves 

associated with the wind power variability and day-ahead forecast errors would 

increase the wind power generation cost by $2.11 per MWh for 15% wind power 

integration level to $4.41 per MWh for 25% wind power integration level [71]. On-

line conventional generators that can provide the reserves for wind power generation 

are fast responding balancing generators, such as gas turbines, small fossil fuels and 

hydroelectric plants [72, 73]. They are able to quickly ramp up and down. However, 

they must be part-loaded, thus resulting lower operating efficiency [74]. The 

efficiency decreases by 10%-20%. The efficiency reduction for new gas plant is even 

higher. In addition, with the higher penetration of wind power generation which 

brings about more fluctuations, it is quite hard to forecast the back-up generation that 

is needed.  

2.2.3 A literature review on the application of ESS for power quality 

enhancement 

As shown in the previous sections, variations in wind power can bring about the 

voltage and frequency deviations of power systems. In the context of Figure 2.9, 

therefore, it is highly desirable to smoothen the output power Pw to mitigate the 

degradation the quality of supply. Wind power fluctuations can be smoothed out by 

controlling the kinetic energy of the WTG inertia, or by pitch angle control of the 

WTG turbine blades, or by controlling the dc link voltage of the dc link capacitor 

contained in the power conditioning units often found in modern WTG [75].  

As an alternative to the above techniques, the use of ESS has been extensively 

examined in recent years as a possible solution to mitigate the negative impacts of the 

perturbing wind power on grid systems [31-33, 75-78]. A review on various types of 

ESS and their comparison in the next section shall indicate that SC, flywheels, 

superconducting magnetic energy storage system (SMES) and conventional batteries 
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have fast response, high power ramp rate and high cycling ability. These ESS are 

suitable candidates for such power quality enhancement application [31, 32]. In this 

section, a literature review of the applications of SC, batteries and the combination of 

supercapacitor-battery ESS for wind power smoothing shall be presented.  

The applications of SC for mitigating wind power oscillations have been extensively 

reported in the literatures. In [79], the supercapacitor is connected to the dc bus of a 

doubly fed induction generator (DFIG) WTG via a bidirectional dc/dc converter. 

During normal state, the supercapacitor is used to remove short-term fluctuations in 

wind power. During transients, it is applied to improve the LVRT ability of the wind 

farm and the sizing of supercapacitor is based on the LVRT requirement. The dc/dc 

converter controls the real power of the supercapacitor. In [80], a supercapacitor 

associated with the dc/dc converter is connected across the dc link of the back-to-back 

converters of the permanent magnet synchronous generator (PMSG) wind turbine 

system. The reference power signal for the supercapacitor is obtained by passing the 

wind power signal through a HPF, although the method to determine the filter cutoff 

frequency is not presented. The control block for controlling the supercapacitor to 

track the reference power is proposed. In [81], a supercapacitor bank’s ability to 

diminish the wind power fluctuations in the seconds time range (thus reducing the 

frequency fluctuations) is demonstrated in a scaled-down power system model 

consisting of diverse type of generators (wind, hydro, thermal and nuclear generators). 

The supercapacitor is controlled by an adaptive ANN. For the continuous variations of 

wind power, the controller proposed in the paper has excellent dynamic response 

ability. In [82-84], a supercapacitor bank is connected at the terminal of the wind 

turbine generator/wind farm through a bi-directional converter. For a wind farm 

consisting of a number of wind turbines, it is a rather complex scheme and would be 

costly if the supercapacitor is installed at the dc link of every one of the WTG and is 

controlled individually. In terms of the inverter, a current-source inverter, a sinusoidal 

pulse width modulation (PWM) voltage source converter (VSC) and a current-

controlled voltage-source inverter are used respectively in the three literatures. The 
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authors of [82] have examined the use of current-source supercapacitor energy storage 

system and its associated control system. They have demonstrated the effectiveness of 

the proposed design in mitigating the wind power fluctuations. In [83], the 

supercapacitor bank is to suppress fluctuations in the minute time-range of the output 

power from a wind farm composed of fixed-speed wind generators. The method of 

exponential moving average is presented to obtain the reference signal for the total 

wind farm output power. By controlling the charging and discharging power of the 

supercapacitor, the reference power for the wind farm can be tracked. In [84], a fuzzy-

logic-aided reference adjuster is incorporated in the control of the dc/dc converter of 

the supercapacitor. The adjuster monitors the energy stored in the supercapacitor. If 

the energy is less than 40% or higher than 90%, the adjuster would decrease the 

operations of the supercapacitor. Hence, the number of incidents of over-charging and 

over-discharging of the SC can be decreased and the service life of supercapacitor is 

prolonged. Regardless of whether the supercapacitor is connected to the dc link of the 

back-to-back converters or to the terminal of wind turbine generator, interfacing 

converters have to be used. Higher cost and losses are associated with the converters. 

Therefore, the authors of [85] have proposed a dual inverter topology for the direct 

integration of the supercapacitor to the wind power system in order to smooth out the 

short-term wind power fluctuations. The interfacing converters are not needed.  

Like SC, there are usually two ways to connect BESS to the wind turbine 

generator/wind farm. One way is to connect it across the dc-link of the back-to-back 

converters of WTG, such as that considered in [86]. The most common way is to 

connect the BESS to the terminals of the WTG/wind farm through an inverter, and 

interposing transformers such as that shown in [87] and [88]. Besides the connection 

method of BESS, the main focus of reported works is on the design of power flows 

control strategy for the BESS. As BESS is expensive, an efficient and effective 

control strategy is indispensable to ensure the optimal design of the BESS in terms of 

cost, and its utilization. For example, [34] utilizes a first order LPF to calculate the 

total expected power from the wind farm and BESS. The BESS is used to smooth out 
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the high-frequency wind power. A particle swarm optimization (PSO) algorithm is 

used to update the cutoff frequency of the filter for the purpose of minimizing the 

BESS capacity, while satisfying the power smoothing requirement. The study then 

applies the state switching constraint based on residual energy to decrease the number 

of switching between charging and discharging operations, which is beneficial for the 

lifetime of BESS. To be specific, the switching from charging to discharging state is 

only allowed when the residue energy is higher than certain specified value and vice 

versa. In [89], a BESS state of charge (SOC) controller is developed to firstly work as 

a LPF to remove the high-frequency components. Then the controller is used to adjust 

the SOC of BESS in order to prevent the SOC from deviating from the secure range 

and to keep ramp up/down rate of BESS power lower than a specified rate so as to 

prolong the lifetime of BESS. A fuzzy adaptive Kalman filter rather than a LPF is 

proposed in [90]. To be specific, the fluctuating wind power is firstly filtered by the 

basic Kalman filter (BKF). Then the fuzzy logic control is introduced to modify the 

filter’s output so as to maintain the SOC of BESS within the specified range and to 

keep the BESS charging and discharging power within power capacity of BESS. In 

[91], a controller is designed based on model predictive control technique. A wind 

power forecasting model is proposed to optimize the SOC of BESS while meeting 

requirement for the maximum change rate of wind power output.  

Recently, active research attention has been directed toward the design of BSHESS 

suitable for undertaking the wind power smoothing task. Justifications in selecting 

battery-supercapacitor energy storage system for wind power smoothing are given in 

Section 4.1. In an attempt to suppress the short- and long-term perturbations using 

BSHESS, the authors of [92] have proposed using wavelet signal decomposition 

technique to segregate wind power into different frequency domains. Unfortunately, 

wavelet analysis is non-adaptive and the interpretation of the wavelet can be counter-

intuitive. In contrast, this thesis shall utilize the EMD method. EMD technique is an 

efficient way to analyze nonlinear and non-stationary data set [93]. A short 

introduction of EMD shall be given in Chapter 3. In [94], a BSHESS is used to limit 



CHAPTER 2 

 

33 

the wind power ramp rates. The ESS consists of zinc bromide flow battery and 

lithium-ion capacitors. However, it is not at all clear how the reference signals used to 

control the battery and capacitors are to be determined. The authors of [95] consider 

the design of the BSHESS to help maintain a high quality supply to loads in a 

microgrid supplied by renewable sources. They propose to use a LPF to generate the 

reference signal for a control scheme to mitigate the impacts of low-frequency 

perturbations caused by the unsteady renewable generation. However, the method to 

determine the filter cut-off frequency appears to be based on a trial-and-error process. 

The impact of the design of the filter on the performance of the power smoothing task 

is also not studied. The authors of [96] have also used filters in a flow battery-SC 

hybrid energy storage scheme for wind power smoothing. Unfortunately, the selection 

of the cutoff frequencies of the filters is again not based on rigorous analysis. In 

investigating the use of BSHESS for wind power smoothing, the authors of [97] have 

concluded that the choice of the time constant of the LPF used in their scheme is a 

matter of trade-offs between the battery life-time, SC capacity, among other 

considerations. However, the inter-relationship between the filter design and the 

trade-offs has yet to be quantitatively studied. In [98], a method is described in the 

design of least-cost BSHESS for which a coordinated power flows control strategy for 

the battery and supercapacitor is proposed. The BESS power ramp rate is constrained 

to prolong the life span of BESS. The focus there is to realize the dispatchability of 

the wind power, rather than for power smoothing.  

Chapter 4 of this thesis also considers the design of the battery-supercapacitor energy 

storage system for power smoothing at a wind farm. Unlike [95-97], however, a BPF 

and a HPF are used to divert the mid-frequency and the high-frequency components 

of the wind power to the BESS and to the SC respectively. The method to determine 

the cutoff frequencies of the filters is described. It is based on the developed concept 

of minimum overlap energy, and its application to the results of EMD of the wind 

power.  
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2.3 Dispatch Planning of Wind Power 

In spite of the advantages of wind energy, the perturbing wind power can impact 

negatively on power system performance, as explained in Section 2.2. Also, wind 

power unsteadiness and variability make the dispatchability of wind power generation 

a challenging task.  

2.3.1 Issues pertaining to wind power dispatch 

In order to stimulate wind power generation, varieties of policies have been set up and 

implemented in many counties, especially in America, Canada, Denmark, Germany, 

Turkey, Australia, China, Japan and South Korea [99, 100]. Different countries have 

developed policies in accordance to their national conditions and goals. The most 

effective policies include feed-in-tariff (FIT), renewable portfolio standard (RPS), 

production incentives, pricing law and quota system [101]. Among these policies, FIT 

and RPS are more popular. FIT requires transmission or distribution companies to pay 

for electricity generated from renewable energy sources at a fixed price set by the 

government [69, 102]. RPS, also called renewable electricity standard (RES), requires 

increased generation of electricity from renewable sources [101]. Pricing law fixes the 

price of electricity from the wind. Quota system sets a certain quota for electricity 

generation from renewable sources. 

However, due to the uncertainty in the harnessable wind power, wind power 

generation is often regarded as not dispatchable and it has often been excluded in the 

dispatch planning of the grids. For example, wind power has not been included in 

[103] in which the independent system operator uses security-constrained unit 

commitment program to do the dispatch planning for the day-ahead electricity market. 

Typically short-term dispatch planning is conducted by the electricity grid operators a 

day ahead. The grid operators carry out generators’ schedule according to the 
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generation plans of all the generators, which are committed a day ahead of power 

delivery [104]. For example, in Singapore, the power system operator (PSO) of 

Energy Market Authority (EMA) requires all the generation companies in Singapore 

to indicate the time of operation and the quantity of electricity they can supply in 

advance. Then the market clearing engine will do the dispatch schedule. In order to 

achieve economic dispatch, one has to find the optimal allocation of power output 

from different power generators so that minimum cost of electricity generation is 

realized. Prior to the large-scale integration of RE, the grid operator only has to 

consider the conventional power generators. For the conventional coal-fired or natural 

gas-fired power plants, accurate forecast of power supply can be achieved. If the 

operator were to include the contributions from the renewable generators such as wind 

and solar, it will be challenging to predict accurately the harnessable output power 

from these renewable sources due to the stochastic characteristic of wind and solar 

irradiation. This is despite varieties of power forecast methods have been developed in 

recent years. Expensive generation reserves have to be provided for grid system to 

ensure adequate level of security and reliability [7]. Thus penalties (i.e. imbalance 

charge) will be charged for the difference between the committed generation schedule 

and actual power supply [105]. 

One possible way to improve on the dispatchability of the wind power is to utilize 

ESS such that the net output power of the combined wind power-ESS can be more 

readily committed to realize economic advantage [106]. Accordingly, a literature 

review on the application of ESS in dispatch planning of wind power is given in the 

next section. 
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2.3.2 Literature review on the application of ESS in dispatch planning of 

wind power 

A variety of dispatch strategies for a wind farm incorporated with an ESS have been 

proposed in the literature. In [72, 107], the ESS is used to balance the difference 

between the committed and the actual available wind generations such that the 

combined power from wind generators and ESS matches pre-committed power. The 

references have shown that the ESS enables the wind farm to deliver firm hourly 

power output to the grid, thus enhancing the dispatchability of wind power generation. 

In [108], stochastic optimization is utilized to determine the day-ahead and week-

ahead reference power for pumped hydro energy storage which aims to offset the 

wind power forecast error. The benefit from using stochastic optimization is the 

reduction of the overall system production cost when compared to a conventional 

approach. In [109], a dispatch scheme is developed to achieve power dispatchability 

of a wind farm by using a BESS. The required energy capacity of the BESS is 

determined by optimizing the life span worth of the BESS. In the scheme, the BESS is 

allowed to operate cyclically between fully discharged and fully charged modes, so 

that it can make full use of the energy capacity and can prolong the lifetime of BESS. 

The confidence level of the wind farm with BESS to meet the committed power 

schedule is investigated based on the confidence level of wind power forecast 

accuracy. In [110, 111], the fluctuating wind power goes to a stand-by BESS and an 

in-service BESS delivers constant power to the grid. When the in-service BESS 

reaches the maximum the depth of discharge (DoD), the two BESS interchange their 

roles. The scheduled power from the wind farm with dual BESS committed ahead is 

decided according to the predicted wind power and the SOC of the two BESS. 

Besides, the method to determine power capacity of the BESS has been proposed. In 

[112], an operational dispatch scheme for a wind farm incorporated with a BESS is 

proposed based on wind power forecasts. The scheme attempts to mitigate negative 

impacts of wind power forecast errors on the dispatch planning, as well as to prolong 



CHAPTER 2 

 

37 

the lifetime of the BESS. It only utilizes one BESS to imitate the dual BESS system 

shown in [110, 111]. To be specific, the interchange of the two BESS is replaced by 

switching the combined wind farm-BESS power between the optimistic and 

pessimistic forecasted wind power obtained by interval prediction. The advantages of 

the single BESS system are the lowered capital cost and the easier operation. 

Furthermore, another improvement is that both the power and energy capacities of 

BESS have been decided. In [113], two ESS are also utilized to help the power 

dispatch for a wind farm. One ESS functions to optimize the schedule of total power 

output from the wind farm and ESS; while another ESS offsets the forecast errors in 

real-time operation.  

Other research works consider the economic value of the wind farm incorporated with 

an ESS when developing the dispatch strategy. In [114, 115], the strategy is for the 

ESS to store wind energy during period of low tariff while the stored energy shall be 

released over periods of high tariff to increase the economic gain. In [116], the 

optimal bidding and operation of a wind generation company and a hydro-generation 

company is obtained by maximizing the total revenue of the two companies and 

minimizing the penalties because of the difference between the committed and the 

actual available wind generations. The authors of [86] determine the constant power 

dispatched from the wind farm equipped with BESS and the power and energy 

capacities of BESS by maximizing the net profit obtained by the wind farm.  

All the above works propose the various dispatch schemes for a wind farm 

incorporated with ESS. The dispatch strategies are based on wind power forecasts and 

the ESS are used to mitigate the negative impacts due to the errors in the forecast. The 

dispatch bids would consist of the wind farms’ output power specified at regular 

interval of ΔT, with ΔT in the order of 15 – 60 minutes. Therefore, only the low-

frequency oscillating wind power components in which their periods are comparable 

or larger than ΔT will be expected to contribute significantly to the net export of 

energy to the grid system within each bit. Furthermore, it is much easier to obtain 
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accurate forecast of the low-frequency wind power in comparison to the approach 

shown in the above works in which the complete wind power is forecasted, since the 

variations of the low-frequency wind power components would be slower compared 

to those in the higher frequency components. Hence, only the low-frequency 

components should be considered for the short-term dispatch planning. This is the 

approach used in Chapter 5 of this thesis, and it is a distinct advantage over that 

proposed by the other researchers. These low-frequency components are extracted 

using a LPF. On the design of filter, [117] indicates that the setting of filter’s cutoff 

frequency depends on the power market rules. Using discrete Fourier transform and 

the filters, the wind power is decomposed into four components: intraweek, intraday, 

intrahour and real time. Each component is addressed by a suitable ESS. The energy 

capacity of each ESS can be determined to deal with the corresponding fluctuating 

component. The authors in [118] explain the selection of the cutoff frequency should 

consider the cost of the ESS and that the response time of the ESS would impose an 

upper limit on the cutoff frequency setting. However, there is no analysis in [117, 118] 

on how the cutoff frequency can be determined. Although [109] also develops the 

power dispatch strategy based on the forecasted low-frequency components of wind 

power, the method to determine the cutoff frequency of the LPF has not considered 

the frequency range that the BESS has the ability to deal with. Unlike [109, 117, 118], 

this thesis proposes a new method to design the LPF based on a rigorous analysis of 

wind power using EMD technique and the developed concept of minimum overlap 

energy. Chapter 3 will provide greater details of the proposed method. 

2.4 Energy Storage Systems (ESS) 

As elaborated in Section 2.2, the random and uncontrollable nature of wind power 

could degrade grid security and reliability. This issue makes large-scale introduction 

of wind power generation into grid systems an extremely challenging task. One 

possible solution is to include a power buffering mechanism, through the introduction 
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of ESS. Indeed, the application of ESS into wind power generation system has 

attracted great attention in recent years [119-121]. 

2.4.1 Some common ESS 

An introduction of selected ESS which could be utilized in conjunction with wind 

power generation is presented as follows.  

The development of supercapacitor started from 1960s [122]. This type of capacitor is 

an electrochemical double layer capacitor (EDLC) in essence. No electronic transfer 

and chemical reaction occur in this energy storage medium. Long cycle-life, high 

power density, small volume, fast response and high efficiency are the strong points 

of supercapacitor. It is suitable for short-term applications. However, it is relatively 

costly and its energy density is low compared to the conventional batteries [32, 76, 

123].  

Flywheels and SMES have similar characteristics with SC [33]. For flywheels, the 

energy is stored up in the form of kinetic energy, with the high-speed wheel as the 

carrier. With regard to SMES, a superconducting electromagnetic coil stores the 

energy in magnetic field [124]. Compared with SC and flywheels, SMES has negative 

impacts on the environment because the strong magnetic field is bad for health [125]. 

Also, SMES is a less mature technology when compared to the other two ESS [126]. 

Electro-chemical batteries have high energy density and cycling ability. They can 

respond to load fluctuations at their terminals very quickly and have relatively high 

round trip efficiency [122]. Batteries are modular, so they can be readily installed 

nearly anywhere in grid systems, and the construction period is short. Battery modules 

connected in shunt and series can produce a BESS with high voltage and power 

capacity. Indeed, BESS has seen ready applications for power quality enhancement, 
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load leveling, area regulation and protection, voltage and frequency control, spinning 

reserve duty and VAR support [124, 127]. However, BESS has some disadvantages as 

well. One is that the battery’s lifetime is influenced by the temperature change during 

the charging and discharging processes. This is due to the chemical reactions 

occurring within the battery cells. Therefore it is necessary to control the temperature 

change in order to prolong battery life. Another problem is the effects of the DoD and 

rate of discharge on life-cycle of the battery. The life-cycle will be lowered if the DoD 

is large. In addition, high discharge rate is also harmful to the battery because of the 

heat produced. Furthermore, the disposal of used battery can be a major concern due 

to certain harmful or toxic materials contained in the batteries [122, 127]. 

Flow battery energy storage system’s major advantages over conventional batteries 

are its small self-discharge and that the power capacity is independent from the energy 

capacity [31, 76, 123]. Its cycle life is not affected by over-discharge. The efficiency 

ranges from 70% to 85%. Drawbacks are relatively high cost and more complicated 

structure [128]. It is a relatively new system compared with the conventional batteries, 

so there are not many flow battery energy storage systems applied commercially [129]. 

PHS for practical large-scale utility application dated back to some 75 years ago. Off-

peak AC power is used to pump water from a low level to a high level and then the 

water is released to drive turbine so as to meet the demand at peak load periods [31]. 

The round trip efficiency is normally about 70%-85% [123, 130]. It has long storage 

period. The power ratings is up to several thousand MW [78]. The weakness of PHS 

is that a vast wide area with suitable geographical features is required. While such 

landscape can meet the requirement, one has to consider the environmental impacts of 

the storage scheme. The applications of PHS involve energy management, frequency 

control and supply of reserve. An example of large PHS is the Bath county with 

capacity of 2710 MW in U.S [131].  
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Besides PHS, compressed air energy storage system (CAES) is also a large-scale ESS 

suitable for long-term application. The power rating is in the range of 5-300 MW. 

CAES is a system where the air is compressed either in underground cavern or over 

ground tanks. When needed, the air under high pressure is released for electric power 

generation. Its major disadvantage is also the problem in obtaining sites for use. The 

290 MW CAES plant in Germany and the 110 MW CAES plant in US are typical 

CAES plants [78]. Currently, the advanced adiabatic CAES (AA-CAES) is under 

development [132, 133]. Examples of CAES used in RE applications can be found in 

[134-136].  

2.4.2 Characteristics of various ESS: a comparison 

Table 2.1 Comparison of characteristics of various ESS [78] 
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Table 2.2 Comparison of characteristics of various ESS [78] 

Systems 
Energy 
density 
(Wh/L) 

Power 
density 
(W/L) 

Specific 
energy 

(Wh/kg) 

Specific 
power 
(W/kg) 

Life 
time(years) 

Cycle 
times(cycles) 

Influence on 
environment 

PHS 0.5-1.5 0.5-1.5 0.5-1.5 - 40-60 10,000-30,000 Negative 

CAES 3-6 0.5-2 30-60 - 20-40 8000-12,000 Negative 

Lead-
acid 

50-80 10-400 30-50 75-300 5-15 500-1000 Negative 

NiCd 60-150 80-600 50-75 150-300 10-20 2000-2500 Negative 

NaS 150-250 ~140-180 150-240 150-230 10-15 2500 Negative 

Li-ion 200-500 
1500-
10,000 

75-200 150-315 5-15 100-10,000 Negative 

Fuel cell 500-3000 500+ 800-10,000 500+ 5-15 1000+ Negative 

VRB 16-33 ~<2 10-30 166 5-10 12,000+ Negative 

ZnBr 30-60 ~<25 30-50 100 5-10 2000+ Negative 

PSB ~20-30 ~<2 ~15-30 - 10-15 - Negative 

Solar fuel 500-10,000 - 800-10,000 - - - Benign 

SMES 0.2-2.5 1000-4000 0.5-5 500-2000 20+ 100,000+ Negative 

Flywheel 20-80 1000-2000 10-30 400-1500 ~15 20,000+ Almost none 

Capacitor 2-10 100,000+ 0.05-5 ~100,000 ~5 50,000+ Small 

Super-
capacitor 

10-30 100,000+ 2.5-15 500-5000 10-30 100,000+ Small 

TES 80-500 - 80-200 10-30 10-20 - Small 

Table 2.3 Comparison of characteristics of various ESS [76] 

Systems 
Discharge 
efficiency 

(%) 

Cycle 
efficiency(%) 

Response time 
Operating and 

maintenance cost 
Maturity 

PHS ~87 70-85 Minutes 
0.004$/kWh, 
~3$/kW/year 

Mature 

CAES ~70-79 54 Minutes 
0.003$/kWh, 

19-25$/kW/year 
CAES commercialized, 
AA-CAES developing 

Lead-acid 85 70-80 Milliseconds,<1/4 cycle ~50$/kW/year mature 

NiCd 85 ~60-70 Milliseconds,<1/4 cycle ~20$/kW/year Commercialized 

NaS 85 ~75-90 - ~80$/kW/year Commercialized 

Li-ion 85 ~90-97 Milliseconds,<1/4 cycle - Demonstration 

Fuel cell 59 ~20-50 seconds,<1/4 cycle 
0.0019-

0.0153$/kW 
Developing/demo. 

VRB ~75-82 75-85 <1/4 cycle ~70$/kW/year 
Demo/early 

commercialized 

ZnBr ~60-70 ~65-75 <1/4 cycle - Demonstration 

PSB - ~60-75 20 ms - Developing 

Solar fuel - ~20-30 - - Developing 

SMES 95 ~95-97 Milliseconds,<1/4 cycle 
0.001$/kWh, 

18.5$/kW/year 
Demo/early 

commercialized 

Flywheel 90-93 ~90-95 Seconds,<1 cycle 
~0.004$/kWh, 
~20$/kW/year 

early commercialized 

Capacitor ~75-90 ~60-70 Milliseconds,<1/4 cycle 
<0.05$/kWh, 
13$/kW/year 

Commercialized 

Super-
capacitor 

95-98 ~90-97 Milliseconds,<1/4 cycle 
0.005$/kWh, 
~6$/kW/year 

Developing/demo. 

TES - ~30-60 Not for rapid response - 
Demo/early 

commercialized 
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Figure 2.13. ESS classification [78] 

The main technical characteristics of the common energy storage mediums are 

compared in Table 2.1, Table 2.2 and Table 2.3. These parameters have significant 

reference value when choosing ESS for a specific application. Generally, the choice 

of suitable storage medium should be in accordance to the purpose of application. 

According to the comparisons of the power rating and discharge time of different ESS 

listed in Table 2.1, ESS can be classified into two categories. The first category 

includes SC, flywheels, SMES and conventional batteries. They have high power 

capacity but relatively low energy capacity due to relatively short discharge time. 

They are usually used in power quality or uninterruptible power supply (UPS). The 

other category is mainly applied for energy management. The ESS under this category 

include PHS, CAES, thermal energy storage system (TES), large-scale batteries, flow 

batteries, fuel cells and solar fuel. They have higher energy capacity and longer 

discharge time. The ESS classification is summarized in Figure 2.13.  

Furthermore, from the tables, the following conclusions can also be drawn.  
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Since SC, SMES and flywheel have large self-discharge per day, so they are suitable 

for short-term applications. PHS, CAES, flow batteries, fuel cell and solar fuel have 

almost zero or very small self-discharge. They can be used for long-term storage 

durations. Most conventional batteries are applied for the medium-term storage 

durations. 

In terms of the cost of ESS, the cost per kWh per cycle and the energy capital cost of 

PHS and CAES are the lowest. Lead-acid battery, NaS and VRB’s operating and 

maintenance cost is relatively high. SC, SMES and flywheel’s cost/kW is low but 

cost/kWh-cycle is high, so they are suitable for the high power short-term (up to 

several hours) applications.  

PHS and CAES have low power and energy densities and they usually occupy vast 

wide geographical area. SC, SMES and flywheel have high power density and 

specific power but low energy density and specific energy. The density of 

conventional batteries is higher than that of flow batteries. 

The cycle life of SC, SMES and flywheel are among the highest of all the ESS 

(>20,000). The mechanical ESS such as PHS, CAES and flywheels also have high 

cycle times (>10,000). In addition, because of chemical deterioration, the 

conventional batteries, flow batteries and fuel cell have relatively lower cycle times.  

On the impact on the environment, the solar fuel has positive impacts while PHS, 

CAES, batteries, flow batteries, fuel cells and SMES all have negative influences on 

the environment.  

SC, SMES and flywheel have very high cycle efficiency (>90%); while CAES, TES, 

solar fuels and fuel cells have low cycle efficiency (<60%).  
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PHS and lead-acid battery are the two most mature ESS technologies (>100 years). 

AA-CAES, PSB and solar fuel are still in the developing stage while the remaining 

ESS are either in demonstration stage or are being commercialized.  

From the above discussion and considering the impacts of the unsteady wind power 

on the quality of power supply and the dispatch planning, the subsequent chapters of 

this thesis propose to utilize the supercapacitor and BESS in the smoothing of the 

high-frequency and mid-frequency components of the wind power and to buffer the 

low-frequency wind power by PHS for the dispatch planning of wind power. 

2.5 Conclusions 

This chapter provides a literature review on wind power, its impacts on grid and the 

roles ESS could play in wind power smoothing and dispatch planning. First, wind 

power variability is discussed. Then a detailed explanation of how the wind power 

fluctuations could impact power systems in terms of degrading voltage quality and 

introducing network frequency deviations. A brief literature of existing reported 

works on the applications of ESS in smoothing wind power is then presented. 

Challenges to wind power dispatch planning are discussed and the relevant research 

related to using ESS to improve on the dispatchability of the wind power is given. As 

ESS can play a vital role in the wind power application, an introduction on the various 

types of ESS and a brief comparison of their technical characteristics is also included. 
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CHAPTER 3. Segregation of Wind Power for Power 

Quality Enhancement or Dispatch Planning Purposes 

Using Minimum Overlap Energy Concept 

As explained in Section 2.2, unsteady wind power could degrade power quality as 

well as making the dispatch planning of wind generation a challenging task. For this 

reason, maximum allowable ramp rates in the output power of wind farms have been 

stipulated in grid interconnection documents such as [137]. The stipulation is required 

because traditional method to mitigate the negative impact of the perturbing power is 

through the application of the regulating actions of other on-line conventional 

generators. However, the practice is expensive. Unless other viable techniques to 

smoothen the fluctuations are found, this issue can be one major impediment to the 

successful large-scale integration of wind power generation into grid systems. The 

focus of the thesis is to develop methods, with the view to alleviate these difficulties 

through the application of ESS. In the attempt to achieve the objectives, it shall be 

seen shortly that a signal processing technique known as EMD shall be utilized. 

Furthermore, the outcome of EMD analysis on wind power shall be applied to the 

design of a hierarchical energy storage scheme. The scheme involves the use of filters 

in the control of power flows of the energy storage elements. The method to design 

the filters is developed in this chapter. It is based on the developed concept of 

minimum overlap energy, and its application to the results of EMD of the wind power. 

In this way, the design of the filters is founded on a more credible theoretical basis 

than that given in [95-97, 109, 117, 118]. 

This chapter is therefore organized in the following way. The technique of EMD is 

briefly introduced in Section 3.1. The three-level ESS and its associated control loop 
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shall be explained in Section 3.2. The main contribution, on the method to design the 

filters is described in Section 3.3. Numerical examples are included in Section 3.4 to 

illustrate the proposed filter design approach while the main findings are presented in 

Section 3.5. 

3.1 Empirical Mode Decomposition: An Introduction 

Fourier spectral analysis is a general method for data analysis. Although it has the 

advantages of prowess and simplicity, it is only valid for analysis data obtained from 

linear and stationary process. For the processing of non-stationary data-set, methods 

include the spectrogram, the wavelet analysis, the Wigner-Ville distribution, 

evolutionary spectrum, the empirical orthogonal function (EOF) expansion and others. 

Most of them are still based on Fourier analysis, so they can only deal with linear 

systems.  

A new and a powerful method suitable for analyzing non-stationary and nonlinear 

data is based on the EMD. EMD is adaptive, intuitive, direct and highly efficient. 

With EMD, any complex data set can be decomposed into several intrinsic mode 

functions and a residue function. The residue is a trend and a monotonic function. The 

resulted intrinsic mode function (IMF) can be linear or nonlinear and can be non-

stationary. The reason why EMD is applicable for nonlinear and non-stationary 

process is that it is based on the local characteristic time scale of the signal. All the 

events have to be identified by the time of occurrences. The decomposition is a 

process which straightforwardly extracts the energy with different intrinsic time scales 

that characterize the oscillation of the data set. For only by adapting to the local 

variations of the data can the decomposition fully account for the underlying physics 

of the processes and not just to fulfill the mathematical requirements for fitting the 

data. Also, the decomposition method is complete and practically orthogonal. 

Completeness guarantees the precise extent. The instantaneous frequencies of the IMF 
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can be obtained by the Hilbert transform. The resulted energy-frequency-time 

distribution is called the Hilbert spectrum.  

Although EMD is versatile and robust for nonlinear and non-stationary signal 

processing, there are several points for further improvements. EMD is a series of 

sifting processes. In each sifting process, the upper and lower envelops are formed by 

spline fitting from the local maxima and minima. Hence, firstly the spline fitting 

should be improved. Second, the spline fitting resulted in problems at two ends of the 

fit due to wide swing. Third, weak signals may embed in stronger ones. When weak 

signals embed in strong signals, it may be difficult to pick up the extrema. In this case, 

the strong and weak signals can be separated before the sifting process, when 

necessary. Finally, the individual IMF does not ensure a clear physical meaning. 

Research effort is continuing to overcome these problems.  

Interested readers may refer to [93] for more details on EMD. 

3.1.1 Intrinsic mode function 

The IMFs are obtained in the first step of EMD analysis. A better understanding of the 

process can be gained by referring to Figure 3.2. 

An IMF refers to a function that satisfies the following conditions: 

1) Over the complete period, the total number of extrema must be equal to the 

total number of zero crossing points; or they must be different by no more than one; 

2) For each point, the mean of the upper and lower envelopes must be zero. 
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The condition 1) is evident and a stationary Gaussian process has a similar 

requirement: the conventional narrow-band requirements. While condition 2) is 

innovative since it has requirement on the local rather than the global.  

Figure 3.1 shows a typical IMF. IMF stands for the vibration mode in the non-

stationary and nonlinear signal. Each cycle contains only one mode of oscillation. 

Therefore, IMF is not a narrow-band signal but it is both amplitude and frequency 

modulated. IMF can be regarded as a generalized Fourier expansion. So the IMFs are 

of variable frequency and amplitude, with respect to time. 

 

Figure 3.1. A typical intrinsic mode function  

3.1.2 The empirical mode decomposition method 

In the original non-stationary data set, one oscillation is riding on top of another. 

Every oscillation is of one characteristic time scale. The decomposition is actually a 

sifting process and it is a systematic way to extract the IMFs which have different 

intrinsic time scales. The different scales can be identified by the time lapse either 

between two consecutive zero crossings or between successive maxima and minima. 
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In this thesis, the decomposition adopts the time lapse between consecutive extrema 

as the time scale for one IMF. This will result in a higher resolution and it is also 

applicable to non-zero mean data set, such as the non-stationary wind power.  

The procedure of EMD is as follows. Assume x(t) is the original data set. 

1) First recognize all the extrema include the maxima and minima in the signals. 

Connect all the local maxima of the original data by a cubic spline line to produce 

the upper envelop. The lower envelop is obtained using the same method from all 

the local minima. 

2) Obtain the mean of the upper and lower envelops and denoted as m1.  

3) Obtain the difference between the original data and the mean which is designated 

as h1. 

 1 1( )h x t m= −  (3.1) 

The above three steps can be illustrated by Figure 3.2. 

4) Based on condition (1) and (2) above, determine whether h1 is an IMF. If it is not 

an IMF, h1 is treated as the data set. Calculate h11 using (3.2) where m11 is the mean 

of the upper and lower envelops in the second sifting process 

 11 1 11h h m= −  (3.2) 

Repeat the above procedure until h1k is determined to be an IMF. 

 1 1( 1) 1k k k
h h m−= −  (3.3) 
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h1k is the first IMF of the original data and denoted as c1.  

5) Treat the difference between x(t) and c1 as the new data and repeat the above 

sifting process. 

 1 1( )x t c r− =  (3.4) 

 1 2 2r c r− =  (3.5) 

… 

 1n n nr c r− − =  (3.6) 

6) Stop the sifting procedure if cn or rn is less than certain pre-set value of substantial 

consequence or rn is monotonic. 

7) The original data is thus decomposed into n IMFs and one residue. 

 
1

( )
n

i n

i

x t c r
=

= +∑  (3.7) 

The n IMF components are locally non-overlapping time scale components. Although 

adjacent IMFs may include the same scale vibrations, they would occur at different 

locations.  

From the decomposition process, it can be seen that the EMD has effectively utilized 

the data-set because all the data are needed to form the longest period component. 

Furthermore, the zero or mean references are not necessary since the trend is excluded 

automatically. The above two points are the distinct advantages of EMD.  
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Figure 3.2. Illustration of the sifting processes: (a) The original wind speed; (b) 

The original wind speed in thin solid line, the upper and lower envelops in dot-

dashed lines and the mean of the two envelops in thick solid line; (c) The 

difference between the original wind speed and the mean. [93] 
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3.2 A Conceptual Hierarchical ESS Scheme for Wind Power 

Smoothing and Dispatch Planning 

As stated in the previous section, the objective of the thesis is to develop ESS scheme. 

The purpose is to alleviate the degradation of power quality due to the perturbing 

wind power and to overcome the issue of the non-dispatchability of the wind power. 

To set the scene for such a study, consider a large geographical area containing n 

groups of WTG. Each group of the WTG is assumed to have the typical capacity of up 

to 100 MW. The groups are interconnected to a large transmission-distribution (T&D) 

system, as shown in Figure 3.3. Within the area, it is also assumed there is ample 

water resource to support a large-scale PHS.  

The n groups of the WTG are dispersed within the area, with the result that the 

harnessed wind powers Pw,i(t), i = 1, …n will not be perfectly correlated. 

Notwithstanding the fact that the so-called spatial smoothing effect [138] applies and 

the stochastic nature in the aggregated wind power ∑ Pw,i(t) will be reduced, the direct 

injection of Pw,i(t) into the grid system would induce variations in the network voltage 

and frequency, in the manner as described in Section 2.2. The extent of the voltage 

and frequency variations would depend on the level of injections and the short-circuit 

level at the point of injection, among other factors. Hence, in the proposed 

hierarchical ESS scheme, Figure 3.3 shows the inclusion of a BSHESS. The choice of 

the BSHESS as the medium of energy buffer is based on the assumed power capacity 

of the WTG group of up to 100 MW, and on the characteristics of the various 

currently-available ESS shown on Table 2.1, Table 2.2 and Table 2.3. While more 

detail of the design of the BSHESS shall be explained in the next chapter, it is 

sufficient to state herewith that the BSHESS is installed at the group level of the WTG 

such that the net output wind power PL,i(t) of group i is much smoother than that seen 

in Pw,i(t). Next, it is reasonable to expect the total power contribution from the n 

groups of the WTG would be much larger than 100 MW and PL(t) would still be 
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perturbing, the smoothing action by the BSHESS notwithstanding. Hence, the 

inclusion of the high-energy capacity PHS is to provide another level of smoothing. 

The design of the PHS would be described in greater detail in Chapter 5.              
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(b) 

Figure 3.3. A conceptual large-scale wind power generation scheme incorporated 

with BSHESS for power smoothing and the PHS for power dispatch: (a) power 

section; (b) control section.  
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Next consider the power flows shown in Figure 3.3. Within the WTG group i, Pw,i(t) 

denotes the aggregated output power from all the WTG within the group. Also shown 

is an equivalent power conditioning unit (PCU) consisting of a generator-side 

converter, dc-link capacitor and a grid-side inverter. The function of the generator-

side converter is to achieve MPPT through controlling the speed of the generator 

while the grid-side inverter controls the dc-link voltage. The precise manner how this 

is done is well-described in [139] and shall not be elaborated here. As explained 

earlier, there are grid connection rules such as [137] which govern the maximum 

allowable ramp rate in the delivered power to the grid. Comprising of BESS and SC, 

the BSHESS is therefore to smooth the net power flows PL,i(t) so that PL(t) complies 

with the connection rules. As shall be detailed in Chapter 4, the BESS acts to buffer 

the mid-frequency variations of the wind power while the SC perform to remove the 

high-frequency wind power perturbations. PS,i(t) and PB,i(t) are the output powers of 

the SC and BESS respectively.  

After the high- and mid-frequency components of the wind power have been 

smoothed out by the BSHESS, only the low-frequency wind power PL,i(t) flows to the 

T&D system and the PHS. The PHS is included here to buffer the aggregated low-

frequency wind power PL(t) through a power flows control strategy. Details of the 

strategy will be described in Chapter 5, with the aim that short-term dispatch planning 

of the wind power can be realized. PP(t) denotes the power flows to the PHS while 

PG(t) is the net dispatched power from the n groups of the WTG-ESS which is to track 

the reference signal PG,ref(t).The arrows of the figure indicate the assumed positive 

direction of the power flows. Accordingly,  
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Figure 3.3(b) shows the corresponding power flows control loop of the scheme. It 

shows that the signal corresponding to the wind power is filtered to yield the high-, 

mid- and low-frequency components. This is achieved by the HPF, BPF and LPF 

respectively. The HPF contains the passband f ≥ fu where fu is the filter cutoff 

frequency. The HPF only allows components in Pw,i(t) which have frequencies higher 

than fu to pass through. Concurrently, the BPF has the lower and upper cutoff 

frequencies fl and fu respectively: The BPF only allows components in Pw,i(t) having 

frequencies between fl and fu to pass through. Finally, the LPF contains the passband 

0≤ f ≤ fl where fl is the filter cutoff frequency: The LPF only allows components in 

Pw,i(t) which have frequencies lower than fl to pass through. The functions of the HPF, 

BPF and LPF are complementary. In practice, SC and BESS have finite charging and 

discharging power capabilities. PHF(t) is constrained to the range [-PS
d,max, P

S
c,max] to 

produce the signal PS ref, i(t), where PS
c,max and PS

d,max denote the maximum charging 

and discharging power limits of the SC. Similarly, PMF(t) must be constrained to 

within the power range [-PB
d,max, P

B
c,max] to yield the signal PB ref, i(t), where PB

c,max 

and P
B

d,max are the charging and discharging power capabilities of the BESS. The 

output signals PS ref, i(t) and PB ref, i(t) constitute the reference signals for the PCU of 

the SC and BESS in the BSHESS of the ith WTG group so that the output powers of 

the SC and BESS are to track PS ref, i(t) and PB ref, i(t). Thus the SC and BESS act as 

buffers to the high- and mid-frequency components of Pw,i(t). Similarly, the low-

frequency wind power components of the group PL,i(t) are obtained at the output of 

the LPF. As shown in the figure, the summated signal ∑PL,i(t) then forms the control 

input to the PHS power flows control strategy. Detail of the strategy shall be 

described in Chapter 5 when the dispatch planning of the large-scale wind generation 

will be discussed.  

The above paragraphs have outlined the concept behind the design of the hierarchical 

ESS scheme. However, an important aspect of the design remains unanswered and 

this is pertaining to the precise manner on how the values of fu and fl are to be 

determined. Indeed, the authors are unaware of any reported rigorous analysis 
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pertaining to the determination of the filters’ cutoff frequencies to achieve wind 

power smoothing and power dispatch. The remaining part of this chapter is devoted 

exclusively to this topic. 

3.3 Determination of Filters’ Cutoff Frequencies 

In the following procedure to design the filters, it is assumed long-term historical data 

on Pw(t) is available over a period Ts. The subscript i to denote the ith
 WTG group has 

been omitted as the following analysis is equally applicable for all groups. 

3.3.1 Segregation of wind power intrinsic mode functions for power 

quality enhancement or dispatch planning purposes 

The proposed approach to determine the filters’ cutoff frequencies requires the 

application of the EMD technique. From the introduction to EMD given in Section 3.1, 

it is clear that any data set can be decomposed into a number of IMFs ci(t) ), i = 1, 

2, …, n and a mean trend or residue rn(t). Thus for the problem in hand, Pw(t) can be 

expressed in terms of ci(t) and rn(t) as   

 ( ) ( ) ( )
w i n

P t c t r t=∑ +  (3.10)                  

The IMFs represent the oscillation modes embedded in the data set while the residue 

indicates the trend. EMD would be a suitable tool to analyze Pw(t) produced by the 

non-stationary wind resource. For example, Figure 3.4(b) shows the results obtained 

following the decomposition of a sample of the wind power data Pw(t) measured at an 

existing wind farm. All the quantities are expressed in per unit MW (puMW) in the 

figure. ci(t), i = 1, g, k, m, are four IMFs where 1<g<k<m. The wave-profile of each of 

the IMFs is a deformation from the simple sinusoidal form: The IMFs are both 

amplitude- and frequency-modulated, and are non-stationary. As the order i of the 
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IMF increases, the fluctuations in ci(t) become slower. Even within each ci(t), its 

frequency varies with time. 

 

Figure 3.4. (a) A sample of wind power Pw(t); (b) A sample of IMFs ci(t) and 

residue rn(t) obtained from the decomposition of Pw(t) using EMD; (c) The 

changes of energy level ΔEi(t) in ci(t) and rn(t). 

An interesting analysis is to calculate the corresponding changes in the energy level 

ΔEi(t) in ci(t) and rn(t) obtained by integrating these functions with respect to time. 

ΔEi(t), expressed in per unit MWh, are shown in Figure 3.4(c). The fluctuating ΔEi(t) 

indicates energy level contained in ci(t) is oscillating. ΔE1(t) and ΔEg(t) are excellent 

examples of those ΔEi(t) which show insignificant amounts of the fluctuating energy 

contained in the wind power components c1(t) and cg(t) over the dispatch bid interval 

ΔT referred to in Section 2.3.2, provided ΔT is large compared to the periods of 

oscillations in c1(t) and cg(t). Thus c1(t) and cg(t) do not need to be considered in the 

dispatch planning as they would not contribute to any significant amount the net 
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change of energy over the interval ΔT. Instead, these fluctuating ci(t) have to be 

smoothed out in order to maintain acceptable power supply quality. Conversely, of the 

remaining ci(t) in which their ΔEi(t) can be significant over ΔT, these lower-frequency 

components of Pw(t) would need to be taken into consideration in the dispatch 

planning. In Figure 3.4(b), ck(t) and cm(t) are examples of these components. Another 

interesting point is the behavior of the residue function rn(t) in which the change in its 

energy level ΔEr(t) is shown to increase with time: This is hardly surprising as rn(t) is 

a monotonic function. Hence, the low-frequency ci(t) and rn(t) are relevant in the 

dispatch planning. 

In summary, the EMD allows Pw(t) to be segregated into those ci(t) which would need 

to be dealt with for power quality consideration, whereas the remaining lower-

frequency ci(t) and residue rn(t) functions will have to be considered for dispatch 

planning.  

3.3.2 Ideal cutoff frequencies of the filters 

Section 3.3.1 explains that the IMF of Pw(t) can be grouped for either power quality 

improvement or dispatch planning purposes. In this section, the method to determine 

the ideal cutoff frequencies of the HPF, BPF and LPF which segregate Pw(t) into the 

high-, mid- and low-frequency bands shall be described.  

The segregation process starts from the examination of the frequency-time 

characteristics of the IMF. Through the application of Hilbert transform, the so-called 

instantaneous frequencies of the IMFs can be obtained [93]. However, it is difficult to 

relate the concept of instantaneous frequency with the conventional concept of filters’ 

cutoff frequencies. Rather, in conventional concept, frequency is obtained by taking 

the reciprocal of the period between two consecutive zero-crossings of stationary 

waveforms. Thus, one could define the cycle frequency fac by inferring to the 
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reciprocal of the periods for all the cycles in each ci(t). Since ci(t) is frequency-

modulated, while fac is time-varying, and to reflect this characteristic, fac is more 

appropriately re-written as fac,i(t). A sample of fac,i(t) obtained for ci(t), i = 1, g and m 

is shown in Figure 3.5. In this instance, again 1<g<m. The curves are layered 

distributed: i.e., fac,i(t) of lower order ci has higher frequency and is shown in the 

upper layer. As the order i increases, its corresponding cycle frequency fac,i(t) will 

reside in the lower layers. This is because from c1(t) to cm(t), the IMFs vary from fast 

to slower oscillations, as explained earlier. 

 

Figure 3.5. Typical plots of the cycle frequency fac,i(t) of IMFs, their segregation 

into the upper or high-frequency, mid-frequency and low-frequency groups by 

the specification of the upper and lower cutoff frequencies of BPF. 

Recall that working in conjunction with the HPF, the SC are to act as an energy buffer 

to smooth out the high-frequency wind power fluctuations while the BESS and the 

BPF are to reduce wind power perturbations of the mid-frequency band. The low-

frequency wind power components and residue, which contain most of the energy in 
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the wind, are to be used for dispatch planning purpose by means of the LPF and the 

PHS. In view of this, it is next proposed to segregate the cycle frequencies fac,i(t), i = 

1,…, n into three domains. This is achieved by the specification of the upper and 

lower cutoff frequencies fu and fl, as reflected by the inclusion of the two cutoff 

frequencies in the fac,i(t) plots in Figure 3.5. The key point in the specification of fu is 

to ensure that ideally, there shall be a first group of fac,i(t) curves which will reside 

entirely above fu; the selection of fl will lead to a second group of fac,i(t) curves which 

shall lie exclusively below fu but above fl; a third group of fac,i(t) curves which shall lie 

exclusively below fl. While the exact method by which fu and fl can be so selected 

shall only be discussed later, nevertheless, the consequence would be that the IMFs 

ci(t) would also be segregated into three groups: There shall be one group of ci(t) 

corresponding to the first group of fac,i(t) in which their cycle frequencies would be 

above fu at all time, a second group of ci(t) corresponding to the second group of fac,i(t) 

whereby for this group, fl < fac,i(t) < fu for all t. Finally, the third group of the ci(t) 

would have their fac,i(t) < fl. Since as the order i of ci(t) increases, fac,i(t) decreases, the 

segregation has resulted in the IMFs being divided into the high-frequency IMFs, the 

mid-frequency IMFs and the low-frequency IMFs. As SC are amenable to buffer 

high-frequency power perturbations, the high-frequency IMFs with fac,i(t) > fu shall be 

dealt with by the charging-discharging actions of the SC. Conversely, as BESS would 

be more suited to buffer the mid-frequency power perturbations, thus the mid-

frequency IMFs shall be handled by the BESS. In addition, the low-frequency IMFs 

with fac,i(t) < fl and the residue function buffered by the PHS will be used for the 

planning of the power dispatch. This desirable outcome is reflected in Figure 3.5, 

where it is shown that the high-frequency and the mid-frequency bands of the IMFs 

are to be dealt with by the SC and BESS respectively while the low-frequency IMFs 

are to be buffered by the PHS. 

It would be most desirable if the above ideal situation can be reached because it would 

mean the buffering actions of the SC, BESS and the slower-responding PHS are 

completely decoupled from each other. The design of one ESS can then be carried out 
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without the need to consider the actions of the other two ESS. This is especially 

attractive as the BSHESS installations are dispersed within the area in the form of 

distributed storage. Each BSHESS can be designed in conjunction with its respective 

group of the WTG, whereas the PHS is a large-capacity centralized storage facility 

designed to cater for the whole area. Also, to ensure the BSHESS and the PHS can 

have a reasonable lifetime, bounds should be placed on the charge-discharge 

frequencies of the SC, BESS and PHS. For instance, typical duration to fully charge 

and discharge SC is less than 60 minutes. This would result in a cycle life of over 

100,000 cycles [78] and a charge-discharge cycle frequency of some 2.7×10-4 Hz. 

Thus the SC could be tasked to buffer power fluctuations with cycle frequency higher 

than 2.7×10-4 Hz: a suitable choice of the lower bound on fu, denoted as fu,min, can be 

2.7×10-4 Hz. Based on the ranges of life time and cycle life of various BESS shown in 

[78], it is estimated that the typical duration to fully charge and discharge BESS is 

less than 3 days, corresponding to a charge-discharge cycle frequency of some 

3.9×10-6 Hz. The BESS should only be tasked to buffer power fluctuations with cycle 

frequency higher than 3.9×10-6 Hz and so a suitable choice of the lower bound on fl, 

denoted as fl,min, can be 3.9×10-6 Hz. Conversely, the typical charge-discharge cycle 

time for PHS is usually more than 6 hours [32], corresponding to a cycle frequency of 

about 4.63×10-5 Hz: thus the upper bound on fl, denoted as fl,max, can be set at 4.63×10-

5 Hz. With life cycle of 2×104-5×104 cycles, the lifetime of the PHS is expected to be 

30 - 50 years [32]. Thus from these practical considerations, suitable bounds for the 

upper and lower cutoff frequencies of the BPF can be derived.  

3.3.3 Determination of cutoff frequencies based on the minimum overlap 

energy concept 

While the concept of ideal cutoff frequencies in the previous section appears attractive, 

unfortunately in practice, it is generally not possible to determine the ideal set of 

values for fu and fl such that the three groups of IMFs can be completely decoupled 
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over the whole study period TS. This less-than ideal situation can be readily 

demonstrated by examining Figure 3.6. Figure 3.6(a) shows the cycle frequencies 

corresponding to the two consecutive IMFs cj(t) and cj+1(t) shown in Figure 3.6(b) and 

Figure 3.6(c). It is seen that by positioning fu as shown in Figure 3.6(a), the sectors ab 

and cd of fac,j(t) are below fu whereas the sectors ef and gh of fac,j+1(t) are above fu. 

Hence, the choice of such a value for fu would be less than ideal as over the instances 

ab and cd, the SC would not be providing the buffering action as the HPF would not 

allow those parts of cj(t) corresponding to these instances to pass through. The BESS 

shall be called upon to perform the buffering function instead. Hence, one cannot 

ignore the actions of the BESS over these overlapping instances ab and cd. 

Conversely, over the instances ef and gh, there would be buffering actions from the 

SC instead of from the BESS. Such overlapping incidents over ab, cd, ef and gh 

would complicate the design of the BSHESS because one cannot assume the complete 

decoupling between the buffering actions of the SC and the BESS at all time in TS. 

While the ideal set of fl and fu does not exist in general, one could nevertheless 

attempt to find the set of fl and fu which would lead to the so-called minimum overlap 

energy condition between the SC and BESS and between the BESS and PHS. The 

meaning of minimum overlap energy is now explained, again using Figure 3.6. In the 

figure, suppose the choice of fu is such that the perturbations represented by the IMF 

cj(t) are to be smoothened by the SC while those in cj+1(t) are to be buffered by the 

BESS. Firstly, examine the intervals ab and cd in which fac,j(t) of cj(t) is lower than fu. 

Therefore, the energy contained in cj(t) over these instances would correspond to the 

shaded areas E1,…,E4 under that segments of cj(t) labeled as a1a2a3 and a4a5. The 

energies will now be compensated by the charging or discharging actions of the BESS 

instead of, as intended, by the SC. By the same reasoning, one can also conclude that 

the energies corresponding to the areas E5,…,E8 are now being dealt with by the 

charging or discharging of the SC instead of by the BESS. One can evaluate the total 

amount of the overlap energy Eo contained in all the shaded areas over TS, by 

summing the absolute values of all Ei, i.e.  
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0 i

E E=∑  (3.11) 

Eo is the total amount of energy pertaining to the un-intended, and un-desirable, cross-

coupling charging and discharging actions of the SC and BESS. The degree of the 

cross-coupling increases with Eo. Clearly one could adjust the cutoff frequency fu so 

that the corresponding Eo is minimum. This shall be the minimum overlap energy 

condition when there is the least amount of cross-coupling between the SC and the 

BESS over TS.  
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Figure 3.6. Determination of fu using the minimum overlap energy method: (a) 

fac,j(t) and fac,j+1(t), (b) cj(t), and (c) cj+1(t). 



CHAPTER 3 

 

66 

Thus far, the search for the minimum overlap energy condition has only considered 

the overlap areas between the two consecutive IMFs cj(t) and cj+1(t), as dictated by the 

placement of fu. However, it is also possible for segments of the cycle frequencies of 

c1(t),…, cj-1(t) to be below fu, and for segments of the cycle frequencies of cj+2(t),…, 

cm(t) to be above fu. Therefore, it is also necessary to track the respective values of 

these possible overlap energies between fac,i(t) and fu, i= 1,…, m and include these 

overlap energies into the calculation of Eo. The order m is selected in such a way that 

fac,i(t), i = m+1, …, n are all below the lower bound of the lower cutoff frequency fl, 

i.e. below fl, min. This condition is expressed as 

 , ,min( ) , 1,...,
ac i l

f t f fori m n< = +  (3.12) 

As explained earlier, the BESS is unsuitable as a buffer for IMFs which have cycle 

frequencies lower than fl, min, and therefore cm+1(t),…,cn(t) need not be considered 

when determining fu of the BPF. Instead, cm+1(t),…,cn(t) are low-frequency 

fluctuations to be dealt with by the PHS. 

Based on the above observation, clearly fu could be adjusted until the minimum 

overlap energy condition is reached. The search for the minimum Eo is facilitated by 

the fact that there is a lower bound fu, min below which the SC are not suitable as an 

energy buffer. Hence the search for fu would start from fu, min and then over a range of 

higher frequencies. Over this frequency range, the minimum Eo condition can be 

found. fu corresponding to this minimum Eo is the most appropriate fu setting for the 

BPF for the set cj(t) and cj+1(t).  

Next, the above search procedure to determine the most suitable fu must be carried out 

for j = 1,…, m-1 such that for each set of cj(t) and cj+1(t), one would obtain the 

corresponding fu for which Eo is minimum. Denote the values of fu and Eo so obtained 

as fu,Eo min, j and Eo min, j respectively. There shall be m-1 sets of fu,Eo min, j and Eo min, j, 

with each fu,Eo min, j being a possible setting value for fu. However, as the desired design 
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objective is to achieve the minimum cross-coupling between the SC and BESS, thus 

one has only to select among the m-1 sets of fu,Eo min,j and Eo min, j, the set which has the 

lowest Eo min, j. Denote the condition when this occurs as j = J. The upper cut-off 

frequency for the BPF and the cut-off frequency for the HPF shall be set equal to fu,Eo 

min, J. 

 fu = fu,Eo min, J (3.13) 

With this setting, the total amount of energy involved in the cross-coupling actions 

between the SC and BESS would have been reduced to the lowest level. The design 

procedure is summarized in the flowchart of Figure 3.7.  

Using the same approach as described above, the setting of fl corresponding to the 

least cross-coupling energy condition between the BESS and PHS can also be found. 

Again from Section 3.3.2, it is noted that fl should be higher than fl, min and lower than 

fl, max when considering the effective operating range of the BESS and the PHS. So the 

search is to start from fl equals to fl, min and up to the maximum value of fu,Eo min, J, for 

each set of ci(t) and ci+1(t), for i = k+1, …,m-1. k should be selected such that fac,i(t), i 

= 1,…, k are all above fl, min, i.e.  

 , ,min( ) , 1,...,ac i lf t f for i k> =  (3.14) 

However, from (3.12), fac,i(t)< fl, min, i = m+1,…, n. Hence, the minimum overlap 

energy condition for determining fl shall be searched among fac,i(t) of ck+1(t) to cm(t). 

Following the same procedure as for determining fu,Eo min, J, for each set of ci(t) and 

ci+1(t), determine the value of fl for which Eo is minimum. Denote the values of fl and 

Eo so obtained as fl,Eo min, i and Eo min, i respectively. Select among the sets of fl,Eo min, i 

and Eo min, i the set with the lowest Eo min, i. Denote the condition when this occurs as i 

= I. Set the lower cut-off frequency of the BPF as fl,Eo min, I,  
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 fl = fu,Eo min, I (3.15) 

In summary, the above design procedure has resulted in the BPF having the upper 

cutoff frequency setting of fu,Eo min, J and the lower cutoff frequency of fl,Eo min, I. The 

cut-off frequency of the HPF is fu,Eo min, J and that of the LPF is fl,Eo min, I. Under this 

minimum overlap energy condition, the energies contained in the cross-coupling 

actions between the SC and BESS, and that between the BESS and the PHS is at the 

minimum.  

 

Figure 3.7. Design procedure to determine the upper cutoff frequency for the 

BPF. 
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The method introduced in this chapter requires long-term historical data on Pw(t) is 

available. By following procedure introduced in Section 3.3, one can determine the 

cutoff frequencies of the filters. The implicit assumption is that future Pw(t) will have 

the minimum overlap energy at the same cutoff frequencies as determined at the 

design stage. Based on this assumption, then in the real time application of the 

proposed scheme, the designed filters with the determined cutoff frequencies can still 

be used to decompose Pw(t) into the high-, mid- and low-frequency bands so as to 

achieve minimum overlap energy. 

3.4 Case study 

The proposed approach is to be applied to the design of the HPF, BPF and LPF at an 

existing wind-farm in Jiangsu Province, China. Wind power data Pw(t) shown in 

Figure 3.8, recorded between Jan to July 2007 and pertaining to the aggregated output 

power from 8×1.5 MW WTGs in the farm, is used in the design.  

 

Figure 3.8. Pw(t) over Jan-July 2007 
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Figure 3.9. fac,i(t) of c21(t) to c24(t) 

Firstly, the possible range for the upper cutoff frequency fu of the BPF is to be 

determined. Using EMD, Pw(t) was accordingly decomposed to yield 24 IMFs ci(t) 

(c1(t), …, c24(t)) and the residue function r24(t) and a sample of which is as shown in 

Figure 3.4(b). The cycle frequencies fac,i(t) for all ci(t) were calculated. Recall from 

Section 3.3.2 that the lower bound for fl is in the vicinity of 3.9 × 10-6 Hz. As Figure 

3.9 shows that fac,i(t) for i = 22, 23 and 24 were all below this minimum value of fl, 

hence, c22(t), c23(t) and c24(t) had not be taken into consideration when determining fu.  

The search procedure described in Section 3.3.3 was then performed to determine the 

minimum overlap energy (E0) condition. Figure 3.10 summarizes the result of the 

search. It shows how E0 varies with fu and in this instance, the minimum E0 condition 

(Point A) is reached when fu,Eo min, j = 4.38× 10-4 Hz. This is in fact the minimum E0 

condition for j = 1, … , 22. The value of the minimum E0 is 8.7 per unit MWh 

(puMWh) over the Jan-July 2007 period, on 12 MW base. Also, fu,Eo min, J of 4.38× 10-

4 Hz is above the lower bound on fu of 2.7×10-4 Hz, a value alluded to in Section 3.3.2. 

Whence fu of the BPF is set as 4.38 × 10-4 Hz. 
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Figure 3.10. Outcome of the search for minimum E0 condition: E0 vs fu for J=1. 
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higher than 4.38 × 10-4 Hz are smoothed out by the SC. Those fluctuations between 

6.74× 10-6 Hz and 4.38 × 10-4 Hz are to be dealt with by the BESS. And the low-

frequency wind power components with frequencies lower than 6.74× 10-6 Hz are to 

be buffered by the PHS for dispatch planning purpose.  

For a wind farm at a different location, due to different weather and atmosphere 

pattern, historical data on Pw(t) over a sufficiently-long period Ts at that wind farm 

can be analyzed using the proposed EMD technique. The minimum overlap energy 

concept is applied to determine the cutoff frequencies of the filters for that wind farm. 

Furthermore, updated long-term historical data on Pw(t) can be utilized to re-

determinate the cutoff frequencies of the filter for the particular wind farm using the 

same method.  

3.5 Conclusions  

A conceptual large-scale wind power scheme consisting of BSHESS for power 

smoothing and the PHS for power dispatch has been described. The BESS, in 

conjunction with the BPF, acts to buffer the mid-frequency variations of the wind 

power while the SC and the HPF perform to remove the high-frequency wind power 

perturbations. Dispatch planning of the wind power is realized through buffering the 

low-frequency power fluctuations by a pumped hydroelectric system. By utilizing the 

EMD technique and the developed concept of minimum overlap energy, a new 

method to determine the cutoff frequencies of the high-pass, band-pass and low-pass 

filters has been described. In this way, the high-frequency, mid-frequency and low-

frequency bands of the wind power fluctuations have been segregated to the extent 

that the SC, BESS and PHS can maximize the amount of energy they can deal with, 

with the least amount of cross-coupling between the three ESS. The proposed 

approach has been applied to the design of the HPF, BPF and LPF at an existing 

wind-farm.  
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CHAPTER 4.  A Statistical Approach to the Determination 

of the BSHESS Storage Capacity to Achieve Wind Power 

Smoothing 

In Chapter 3, the wind power is decomposed into high-, mid- and low-frequency 

bands based on the developed concept of minimum overlap energy applied to the IMF 

obtained from EMD analysis. To achieve the smoothing of the wind power, the high- 

and mid-frequency components of the wind power are then routed to SC and BESS 

respectively. The focus of this chapter is on the determination of the SC and BESS 

storage capacity required to undertake the wind power smoothing task for a group of 

WTG, such as at a wind farm. The dispatch planning for n groups of WTG in a large-

scale wind power scheme will be discussed in the next chapter. Based on the designed 

filters, a statistical approach to determine the BSHESS capacity is developed in this 

chapter. The approach takes into consideration the cost of the BSHESS while the 

wind power smoothing objective is to be achieved at pre-specified probability level. 

Thus another new contribution of this thesis is that the proposed approach to 

determine the BSHESS capacity is unlike those contained in [92, 96]. In these two 

references, the BSHESS capacity has been obtained using deterministic methods. 

Effectiveness of the proposed design technique is demonstrated using data obtained 

from an existing wind farm. 

This chapter is organized in the following manner. Section 4.1 presents the 

justifications in selecting the BSHESS for wind power smoothing. Section 4.2 

proposes the control scheme of the BSHESS. A statistical method to determine the 

power and energy capacities of the BSHESS is then described in Section 4.3. 

Numerical examples are included in Section 4.4 to illustrate the proposed approach to 
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the design of the BSHESS. Main findings of this chapter are summarized in Section 

4.5. 

4.1 Justifications in Selecting Battery-Supercapacitor Energy 

Storage System for Wind Power Smoothing 

Although Chapters 2 and 3 have considered the use of SC and BESS to mitigate high- 

and mid-frequency wind power fluctuations, this section shall explain why the 

combination of the SC and BESS is suitable for such an application. With due 

considerations to the attributes of the various ESS as described in Section 2.4, wind 

power variation components with periods of up to several hours are treated herewith 

as mid-frequency type whereas those having the cycle times of up to several minutes 

are regarded as high-frequency. Also, the nature of the wind power fluctuations is 

such that the mid-frequency wind power components tend to contain more energy 

than that in the high-frequency components [117]. Depending on the level of the wind 

power penetration, however, the high- and mid-frequency perturbations could degrade 

supply security to such an extent that grid code such as [137] is violated. Hence, to 

prevent the perturbing power components from being injected directly into the 

external grid system, power smoothing has to be carried out at the terminals of wind 

farms. This can be achieved by ESS of suitable specific energy and power densities 

and of adequate dynamic response ability. Notwithstanding the significant progress 

made in recent years on energy storage technology, hitherto, it is impractical to rely 

on one particular type of ESS to buffer both the high- and mid-frequency 

perturbations emanating from a wind farm which may have the capacity of up to 100-

MW [140, 141]. Indeed, among the various types of ESS, SC have relatively high 

power density but its energy density is comparatively low. In contrast, BESS has 

higher energy density but lower power density [142]. Judicious use of the 

combination of the SC and the BESS would result in a hybrid ESS suitable for 

undertaking the wind power smoothing task. If only the BESS were to be used to 
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buffer the fluctuating wind power, the batteries will undergo more frequent 

charge/discharge sub-cycles when dealing with the high-frequency wind power 

components. The BESS useful life can be adversely reduced. On the other hand, if the 

SC were to be the only storage medium, its energy storage capacity would be such 

that the SC ESS is unlikely to be viable. 
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Figure 4.1. A grid-connected wind farm with BSHESS and the associated 

BSHESS control scheme for wind power smoothing.  
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In view of the above, a BSHESS is deemed suitable for undertaking the wind power 

smoothing task. Figure 4.1 shows a grid-connected wind farm incorporated with the 

BSHESS and its associated power flows control scheme.  

4.2 BSHESS Control Scheme  

The BSHESS control scheme for wind power smoothing is shown in the BSHESS 

“Control Section” in Figure 4.1. Recall that a BPF is to route components of Pw(t) 

which have frequencies within certain band to the BESS and at the same time, the 

HPF is to be utilized to divert the relatively rapid fluctuating components in Pw(t) to 

the SC. Thus as shown in Figure 4.1, the signal corresponding to Pw(t) is filtered to 

yield the mid-frequency component PMF(t) of Pw(t) at the output of the BPF. The 

upper and lower cutoff frequencies fu and fl of the BPF have already been determined 

based on the minimum overlap energy criteria using the search procedure described in 

Section 3.3.3. PMF(t) is to be used as the control signal to regulate the output power of 

the BESS.  

In practice, however, BESS has finite charging and discharging power capabilities and 

they are denoted herewith as PB
c,max and PB

d,max respectively. While Section 4.3 shall 

explain how P
B

c,max and P
B

d,max are to be treated as design parameters, PMF(t) must 

therefore be constrained to within the power range [-PB
d,max, P

B
c,max] and yields the 

reference signal PB,ref(t). The BESS power flows PB(t) are to be regulated to track 

PB,ref(t). Similarly, the HPF produces the high-frequency component signal PHF(t) 

from the input Pw(t). The cutoff frequency of the HPF is equal to the upper cutoff 

frequency of the BPF. Denote the maximum charging and discharging power limits of 

the SC as PS
c,max and PS

d,max respectively. The method to determine the values of the 

SC power limits shall also be explained in Section 4.3. Thus, PHF(t) is constrained to 

the range [-PS
d,max, P

S
c,max] to produce the reference signal PS,ref(t) which the output 

power PS(t) of the SC is to track. The generated reference signals PB,ref(t) and PS,ref(t) 
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are directed to the respective PCU of the battery and supercapacitor banks to effect 

the power flows PB(t) and PS(t) respectively. Again the mechanism for controlling the 

power flows using the PCU can be found in [143] and shall not be repeated here.  

4.3 Determination of BSHESS Storage Capacities 

The next task in the design is to determine the SC and BESS power and energy 

capacities. The method to do so is as follows. 

4.3.1 Impact of BESS and SC capacities on power smoothing 

Since the BSHESS is subject to Pw(t) varying in a random or stochastic manner, it is 

now proposed that a statistical approach be used to investigate the impact of the 

power and energy capacities of the BESS and SC on the power smoothing function. 

Firstly, one can readily obtain the mid-frequency component PMF(t) over the study 

interval TS using Pw(t) as the input to the designed BPF filter by following the design 

procedure described in Section 3.3.3. One can then construct the cumulative density 

function (CDF) of the PMF(t). Figure 4.2 shows an example of the CDF which shows 

that PMF(t) ranges from some -3.5 MW (discharging) to 9.5 MW (charging). One 

could therefore specify the BESS power capacity as 3.5 MW discharging and 9.5 MW 

charging, and in accordance to Figure 4.1, set the limits of the BPF to corresponds to 

P
B

d,max= 3.5 MW and P
B

c,max= 9.5 MW. Except for those overlapping instances 

between the SC and BESS and between the BESS and PHS for which the overlap 

energy has been reduced to the minimum, one can conclude that with these PB
d,max and 

P
B

c,max capacities, the BESS can be expected to smooth out completely the 

perturbations PMF(t) by itself, provided the energy capacity of the BESS is also 

sufficiently large. Unfortunately PB
d,max and PB

c,max so determined may be so large that 

the BESS is uneconomical because such large capacity would only be fully utilized 

for extremely rare events. 
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Figure 4.2. An example of CDF of PMF(t). 

Instead, one should take into consideration the likelihood of the need. It is with this in 

mind that the proposed statistical approach is more suitable. It seeks to determine 

lower BESS charging/discharging power capacities such that the probability PMF(t) is 

within the BESS power capacities is at a pre-specified level of pB. Mathematically, to 

achieve the power smoothing of the mid-frequency band using the BESS, this design 

task is expressed as the determination of PB
d,max and PB

c,max such that 
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In (4.1), P{∙} denotes the probability the condition {∙} is met. From the CDF, if 
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 { }, , 1 2( )B B

B d max MF c max
p P P P t P p p= − ≤ ≤ = −  (4.3) 

With the discharging/charging power capacities P
B

d,max and P
B

c,max, the reference 

signal PB,ref(t) for the BESS output power shall be forced to meet the following 

constraint equations 
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As an illustration of the above concept, suppose pB is set to be 0.968. Again from 

Figure 4.2, then one possible set of charging/discharging power capacities of the 

BESS is PB
c,max = 2.8 MW and PB

d,max= 1.2 MW. This is because from Figure 4.2, p2 = 

0.0249 when PB
d,max= 1.2 MW, while p1 = 0.9925 when PB

c,max = 2.8 MW. Thus, pB = 

0.9925 – 0.0249 or 0.968. Whence, PMF(t) is expected to be outside the range [-1.2 

MW, 2.8 MW] with the probability of 0.032. When PMF(t) is outside the BESS power 

limits, the balance un-buffered power shall flow to the grid and the PHS in the form of 

out-of-range disturbances. With a judicious choice of pB, however, one could arrive at 

an acceptable probability level for such out-of-range perturbations while still 

maintaining a viable BESS design.  

Of course there are numerous combinations of PB
d,max and PB

c,max for a given pB, and 

the method described in the next section shall be used to obtain the unique 

combination of PB
d,max and PB

c,max. 

The determination of the SC power capacities can also follow the same procedure: 

Obtain PHF(t) using Pw(t) as the input to the designed HPF filter. The CDF of PHF(t) is 

calculated, and the SC charging/discharging power capacities (PS
c,max, P

S
d,max) are 

selected in such a way that the probability PHF(t) is within the selected SC power 

capacities is pS, i.e., 
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 { }, ,( )S S

d max HF c max S
P P P t P p− ≤ ≤ =  (4.5) 

Again the advantage of using this approach is to obtain a SC design which is viable, 

even though there would be the probability of 1- pS when PHF(t) cannot be 

successfully buffered. Also the method described in the next section shall be used to 

obtain the unique combination of PS
d,max and PS

c,max, from the numerous combinations 

of PS
d,max and PS

c,max, to meet the pre-specified probability of pS. 

Taking as a whole the task of smoothing the mid-frequency and high-frequency 

components of Pw(t), the probability the BSHESS shall have the sufficient power 

capacities to successfully smooth out the mid- and high-frequency fluctuations of Pw(t) 

is pB×pS. The charging/discharging power capacities of the BESS are (PB
c,max, P

B
d,max) 

while that of the SC are (PS
c,max, P

S
d,max). 

Although the unique sets of the charging/discharging power capacities of the BESS 

and SC are yet to be determined in the next section, nevertheless, once the capacities 

are known, the energy capacity of the BSHESS is calculated using the method similar 

to that described in [98], as follows. The BESS output power PB(t) is to track the 

reference PB,ref(t) which is the constrained output of the BPF. With known PB(t), the 

change in the stored energy level in the BESS (∆EB(t)) is obtained by integrating PB(t) 

with respect to time, i.e.  

 
0

( ) ( )
t

B BE t P dτ τ∆ = ⋅∫  (4.6) 

The maximum and minimum values of ∆EB(t), denoted as ∆EB,max and ∆EB,min 

respectively, can then be obtained over TS. As the BESS must not operate below its 

maximum DoD dB,max [98], thus the rated energy capacity of the BESS is 
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,
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B B
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B

E E
E

d

∆ − ∆
=  (4.7) 

Similarly the change in the energy level in the SC (∆ES(t)) is calculated from the 

known PS(t), i.e. 

 
0

( ) ( )
t

S SE t P dτ τ∆ = ⋅∫  (4.8) 

Denote the maximum and minimum values of ∆ES(t) as ∆ES,max and ∆ES,min 

respectively. If the maximum DoD of the SC is dS,max, then the rated energy capacity 

of the SC is [98]  
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S S
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S

E E
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d
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=  (4.9) 

The maximum DoD of the SC dS,max can be calculated as follows. The stored energy 

in SC is given by 

 21

2
E CU=  (4.10) 

In (4.10), C and U are the capacitance and the voltage across the SC respectively. The 

nominal and minimum voltages of the SC are denoted as US,max and US,min respectively. 

The allowable dS,max of the SC is given by 

 
2
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,max 2

,max

1
S

S

S

U
d

U
= −  (4.11) 
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4.3.2 Optimum BSHESS capacities 

In the previous section, the impact of SC and BESS power capacities on power 

smoothing function has been expressed in probabilistic term. The method to 

determine the unique solution set of the power capacities is described next.  

The capital cost of the BESS includes that of the battery banks and the associated 

PCU and is given by  

 , ,B B r B r
c aP bE= +  (4.12) 

In (4.12), a and b are the respective cost/MW and cost/MWh of the BESS and their 

parametric values are usually available from the manufacturers or from the literature 

[78]. In this investigation, the larger of the values of P
B

c,max and P
B

d,max shall be 

selected as PB,r because the power capacity of the BESS is governed by the power 

capacity of the PCU rather than that of the battery [144]. Hence the power capacity 

cost of the BESS is based on the power capacity of the PCU which would be the 

larger of the values of PB
c,max and PB

d,max. EB,r is obtained using (4.7).  

Similarly, the capital cost of the SC is expressed as  

 , ,S S r S r
c cP dE= +  (4.13) 

In (4.13), c and d are the respective cost/MW and cost/MWh of the SC. As the SC is 

also interfaced with the PCU, PS,r is chosen to be the larger of the values of PS
c,max and 

P
S

d,max to reflect the power capacity cost of the PCU. 

The optimum power and energy capacities of the BESS are determined through the 

minimization of the capital cost cB of the BESS. An iterative search method is used to 

achieve this design objective by following the design procedure shown in the 
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flowchart of Figure 4.3. With the known historical wind power Pw(t) and using it as 

input to the designed BPF to obtain PMF(t) and its CDF. Suppose it is desired the 

probability of successful buffering of the mid-frequency perturbations must be no less 

than a pre-specified level pB,min. So from the CDF of PMF(t), select a set (PB
c,max, 

P
B

d,max). Using (4.3), check the probability that PMF(t) is within the range of [-PB
d,max, 

P
B

c,max] is at least equal to or higher than pB,min, i.e., pB = P{-PB
d,max ≤ PMF(t) ≤ 

P
B

c,max}≥ pB,min. If this condition is met, the BESS power capacity PB,r is chosen to be 

the larger value of PB
c,max and PB

d,max. Next, determine PB(t) and the energy capacity 

EB,r using (4.7). Whence, calculate the BESS cost cB using (4.12). The above 

procedure is repeated for all conceivable sets of (PB
c,max, P

B
d,max) for which pB ≥ pB,min. 

The set, denoted as (PB,r and EB,r), corresponding to the case of the minimum cB 

would be the power and energy capacities of the most economical BESS. The 

probability of successful buffering of the mid-frequency perturbations is at least pB,min. 

Similarly, the power and energy capacities (PS,r, ES,r) of the SC shall be that which 

minimize the capital cost cS of the SC under the probabilistic condition that P{-PS
d,max 

≤ PHF(t) ≤ P
S

c,max} is at least equal to pre-specified level pS,min. The above iterative 

search procedure for the BESS is also applicable in determining PS,r, ES,r which 

correspond to the minimum cS. The probability of successful buffering PHF(t) is at 

least pS,min. 

The optimum power and energy capacities of the BSHESS would correspond to the 

condition that the total capital cost of the BESS and SC is at the minimum. The least-

cost BSHESS is expected to be able to smooth out the high- and mid-frequency 

fluctuations of the wind power with a probability of no less than pB,min× pS,min. Thus, 

the determination of the optimum BSHESS capacities become one of specifying the 

acceptable minimum probabilities pB,min and pS,min the BSHESS is expected to 

successfully smoothen the wind power. 
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Figure 4.3. Iterative search method to determine the optimum power and energy 

capacities of the BESS. 
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The proposed approach described in Sections 3.3 and 4.3 thus complete the design of 

the BSHESS. It leads to the determination of the least-cost BSHESS and the 

successful high- and mid-frequency power smoothing with probability equal to or 

exceeding the pre-specified level.  

Within the power smoothing scheme shown in Figure 4.1, the PCU for the BSHESS 

can be constructed based on the well-established power conditioning practices 

described in [143]. Similarly, the HPF and BPF can be readily realized using any one 

of the methods shown in [145]. Thus real-time power smoothing can be achieved 

using the proposed design. 

4.4 Illustrative Example  

The proposed approach is to be applied to the design of the BSHESS at the existing 

wind-farm in Jiangsu Province, China. The wind farm is interconnected to the State 

Grid system of East China. Reference [137] stipulates the maximum ramp rates 

permissible in the output power emanating from any State Grid-connected wind farm. 

Hence, the role of the BSHESS is to smoothen the perturbing wind power harnessed 

at the farm so as to comply with the grid requirement. Accordingly, the wind power 

data Pw(t) shown in Figure 3.8, recorded between Jan to July 2007 and pertaining to 

the aggregated output power from 8×1.5 MW WTGs in the farm, is used in the design.  

4.4.1 Design of the BPF and HPF 

In Section 3.4, based on the minimum overlap energy criteria and by following the 

search procedure described in Section 3.3, it has resulted in fu and fl of the BPF being 

determined to be 4.38 × 10-4 Hz and 6.74 × 10-6 Hz respectively. As a result, wind 

power fluctuations with frequencies higher than 4.38 × 10-4 Hz are smoothed out by 

the SC and those fluctuations between 6.74× 10-6 Hz and 4.38 × 10-4 Hz are to be dealt 



CHAPTER 4  

 

86 

with by the BESS. Although the buffering actions of the SC and BESS will not be 

completely decoupled, it will nevertheless result in minimal overlap energy between 

the ESS. Each of the ESS shall be able to maximize the amount of the energy it needs 

to deal with. Note that those components in Pw(t) with frequencies lower than 

6.74×10-6 Hz have the typical periods of a day or longer. These components are 

outside the scope of this chapter as they are pertaining to the longer-term power-

energy management of Pw(t). They need to be dealt with by the PHS which has higher 

energy capacity but of slower response, as compared to the BESS. This will be 

discussed in Chapter 5. 

4.4.2 Optimum power and energy capacities of BSHESS 

Having determined the cutoff frequencies of the HPF and BPF, the high-frequency 

components PHF(t) and mid-frequency components PMF(t) of Pw(t) are obtained next. 

PMF(t) is shown Figure 4.4 and its corresponding CDF is that shown in Figure 4.2. 

Suppose the desired probability of successful smoothing of PMF(t) by the BESS must 

be at least 0.95, while the successful smoothing of PHF(t) by the SC must meet the 

minimum probability of 0.995, i.e. pB,min=0.95 and pS,min=0.995. Table I summarizes 

the parametric values of a, b, c and d extracted from [98] and used herewith to 

evaluate cB and cS. The search procedure described in Section 4.3.2 was used and it 

yielded the optimum BESS charging and discharging power capacities of PB
c,max = 2.8 

MW and P
B

d,max = 1.2 MW. These charging/discharging power capacities are also 

indicated in Figure 4.4. The probability PMF(t) is within the range of [-1.2 MW, 2.8 

MW] was determined using the method of Section 4.3.1 and it yielded pB = 0.968. It 

shows that the BESS has the probability of 0.968 to successfully buffer PMF(t). Thus 

pB is higher than the set minimum pB,min of 0.95 and hence, this combination of the 

charging/discharging power capacities is acceptable. Furthermore, the optimum power 

and energy capacities PB,r and EB,r of the BESS corresponding to the minimum cB 

were found to be 2.8 MW and 34.224 MWh, with the minimum cB of US$7.26×106.  



CHAPTER 4  

 

87 

 

Figure 4.4. PMF(t) over the months of Jan-July 2007. 

Again, by following the design procedure of Section 4.3, the optimal rated PS,r and 

ES,r of the SC at minimum cS were determined to be 0.408 MW and 0.28 MWh 

respectively. The minimum cS is US$5.42×105. The optimum PS
c,max= 0.408 MW and 

P
S

d,max= 0.392 MW and the probability PHF(t) is within the range of [-0.392 MW, 

0.408 MW] was found to be 0.9957.  

Table 4.1 Parametric values of a, b, c and d used in calculating cB and cS 

a(US$/MW) b (US$/MWh) c (US$/MW) d (US$/MWh) 

150×103 200×103 300×103 500×103 

 

Therefore, the probability that the BSHESS can successfully buffer the high- and mid-

frequency fluctuations is 0.968×0.9957 or 0.964.  
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4.4.3 Outcome of power smoothing by the designed BSHESS 

The designed BSHESS was then used to effect the power smoothing function of the 

recorded Pw(t) shown in Figure 3.8. An expanded view of Pw(t), SC power PS(t), 

BESS power PB(t) and the smoothed power PL(t) of the 1st week of Jan 2007 is shown 

in Figure 4.5. PB(t) is to track PB,ref(t) which was obtained based on (4.4) while similar 

expression was used to calculate PS(t). The charging and discharging power limits 

P
B

c,max, P
B

d,max, P
S

c,max and PS
d,max are also indicated in the figure. As Pw(t) fluctuates, 

the BSHESS acts to buffer the perturbations as indicated by the power flows PS(t) and 

PB(t). As expected, the perturbations in PS(t) are more rapid than that in PB(t). 

Compared with Pw(t), PL(t) has become significantly smoother except when the 

perturbations in Pw(t) were so intense over certain periods within days 5 and 6 that the 

BESS and/or the SC had reached their respective charging/discharging power limits. 

These are clearly illustrated on the even more detailed plot of Pw(t), PS(t), PB(t) and 

PL(t) shown in Figure 4.6. The total interval during which the BSHESS was not able 

to smooth Pw(t) is approximately some 1.84% of the time in the week, a level which is 

consistent with the predicted probability of 0.964 the BSHESS is able to smooth the 

wind power. 
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Figure 4.5. Expanded view of Pw(t), PS(t), PB(t) and PL(t) over the first week of 

Jan 2007, pB,min = 0.95, pS,min = 0.995. 

 

Figure 4.6. Expanded view of Pw(t), PS(t), PB(t) and PL(t) over days 5-6 of the first 

week of Jan 2007, pB,min = 0.95, pS,min = 0.995. 
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Figure 4.7 Expanded view of Pw(t), PS(t), PB(t) and PL(t) over days 5-6 of the first 

week of Jan 2007, pB,min = 0.99, pS,min = 0.995. 

As a comparison, suppose pB,min is increased to 0.99 while pS,min remains unchanged. 

The optimum power and energy capacities PB,r and EB,r of the BESS were found to 

have increased to 5.5 MW and 34.414 MWh and the minimum cB is now 
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the 1st week of Jan 2007. The out-of-range level is again in line with the predicted 

probability of 0.9912 the BSHESS is able to smooth the wind power. 

Table 4.2: Comparison of the Optimum BESS Capacities Designed for pB,min = 0.95 

and pB,min = 0.99: pS,min = 0.995 for both cases 

pB,min pB P
B

c,max P
B

d,max PB,r EB,r Minimum cB 

0.95 0.968 2.8MW 1.2MW 2.8MW 34.224MWh US$7.26×106 

0.99 0.9955 5.5 MW 2.5 MW 5.5 MW 34.414 MWh US$7.71×106 

 

The example of this section shows the BSHESS design problem becomes one of 

specifying the acceptable minimum probabilities pB,min and pS,min the BSHESS is 

expected to successfully smoothen the wind power. The outcome shall be the power 

and energy capacities of the SC and BESS corresponding to the least-cost BSHESS. 

4.4.4 Verification of the effectiveness of the designed BSHESS 

Notwithstanding the encouraging results shown earlier, it will be prudent to verify 

whether the determined cutoff frequencies of the filters and the determined power and 

energy capacities of the BSHESS are suitable over the longer-term. The verification in 

this section is through examining the outcome of the smoothing of Pw(t) measured in 

Jan 2011 at the wind-farm, using firstly the designed filters and the designed BSHESS 

for pB,min=0.95 and pS,min = 0.995 and based on the Jan-Jul 2007 wind data wherein 

fu=4.38 × 10-4 Hz, fl = 6.74 × 10-6 Hz, P
B

c,max= 2.8 MW, P
B

d,max= 1.2 MW, P
S
c,max= 

0.408 MW and PS
d,max =0.392 MW, as determined in the previous sub-section. When 

the designed BSHESS was applied to Pw(t) measured in Jan 2011, the probability 

PMF(t) is within the range of [-1.2 MW, 2.8 MW] was found to be only 0.9311, a level 

which is lower than the specified pB,min of 0.95. It would appear the mid-frequency 

wind power perturbations in Jan 2011 are more severe than that over the Jan-July 
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2007 period. A larger power capacity BESS is called for if pB is to meet the specified 

level of 0.95. Concurrently, with the designed HPF and the SC charging and 

discharging power capacities of 0.408 MW and 0.392 MW respectively, the 

probability the SC is capable of buffering the PHF(t) is 0.9953 which marginally meets 

the specified probability level pS,min of 0.995. Using (4.7) and (4.9), the energy 

capacities of the BESS and SC needed for the month of Jan 2011 were found to be 

28.94 MWh and 0.139 MWh respectively. Both energy capacities are well within the 

designed BESS and SC energy capacities based on the Jan-Jul 2007 wind data.  

Pw(t), and the expanded first week sample plot of PS(t), PB(t) and the smoothed power 

PL(t) are shown in Figure 4.8 and Figure 4.9. Not surprisingly, PL(t) is again much 

smoother than Pw(t) in most instances except between days 3 and 4 when the charging 

and discharging power limits of the BSHESS have been breached, as shown in Figure 

4.10. Based on the obtained results, the probability of such violations was estimated to 

be 0.0388 in the first week of Jan 2011. 

 

Figure 4.8. Pw(t) over Jan 2011 
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Figure 4.9. Expanded view of 1-week plots of Pw(t), PS(t), PB(t) and PL(t) 

 

Figure 4.10. Expanded view of days 3-4 plots of Pw(t), PS(t), PB(t) and PL(t). 
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Suppose the BESS power capacities PB
c,max and PB

d,max were increased to 5.5 MW and 

2.5 MW respectively, the BESS power capacities as were determined using the Jan-

Jul 2007 wind data and for pB,min = 0.99. The probability PMF(t) of the Jan 2011 wind 

power is within the range of [-2.5 MW, 5.5 MW] was found to be 0.99982, a level 

which meets the specified probability level of 0.99. Recall the probability the SC are 

capable of buffering PHF(t) is shown to be 0.9953. Therefore, the BSHESS would be 

able to buffer the high-frequency and mid-frequency fluctuations of PW(t) of Jan 2011 

with the probability of 0.99982×0.9953 or 0.9951. 

4.5 Conclusions 

The use of a BSHESS for reducing wind power fluctuations has been examined. 

The BESS, in conjunction with the BPF, acts to buffer the mid-frequency 

variations of the wind power while the SC and the HPF perform to remove the 

high-frequency wind power perturbations. Furthermore, a statistical method has 

been developed to determine the power and energy capacities of the BSHESS so 

that the cost of the BSHESS is minimized while the BSHESS is able to smoothen 

the wind power to meet specified probability level. The proposed approach has 

been applied to the design of a BSHESS of an existing wind farm and the designed 

BSHESS is shown to be able to achieve wind power smoothing to a satisfactory 

level. Specifically at the design stage, the historical wind power data recorded 

between Jan to July 2007 was used to determine the cutoff frequencies of the filters 

and storage capacities of the BSHESS. Then in order to verify whether the 

determined cutoff frequencies of the filters and the determined power and energy 

capacities of the BSHESS are suitable over the longer-term, the wind power 

smoothing scheme was implemented with the designed filters and BSHESS to 

smooth Pw(t) measured in Jan 2011. The outcome is that the designed filters and 

BSHESS are able to smooth Pw(t) to meet the desired probability level. The 

designed BSHESS seems to be suitable for the two different periods.  
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CHAPTER 5. Determination of the Storage Capacity of 

Pumped-Hydroelectric Storage for Dispatch Planning of 

Large-scale Wind Power 

In Section 3.2, a conceptual energy storage scheme has been described to achieve 

power quality enhancement and dispatch planning objectives for large-scale wind 

power generation. The high- and mid-frequency components of the wind power are 

buffered by SC and battery banks respectively using the respective HPF and BPF 

designed according to the method shown in Section 3.3. It results in the smoothening 

of the wind power. The capacity of the SC and BESS required to mitigate the wind 

power fluctuations can be determined based on the statistical method described in 

Chapter 4. It is also shown in Section 3.2 that the low-frequency wind power 

components are extracted by a LPF. The low-frequency wind power components are 

to be used to realize the dispatch planning of the wind power, as stated in Section 3.2, 

although the detail of the dispatch planning method is not described. The focus of this 

chapter is to fill this gap by explaining in detail a proposed method to dispatch 

planning for wind power. The method would allow wind power generator to 

participate in short-term energy markets. The dispatch is to be realized by utilizing the 

buffering actions offered by a PHS, the operation of which will be governed by a 

developed power flows control strategy. Finally, the required capacity of the PHS to 

meet the wind power dispatchability objective shall be determined using a proposed 

statistical method.  

Accordingly, this chapter is organized as follows. Section 5.1 contains some 

preliminary considerations in the formulation of the dispatch planning task and an 

explanation on why PHS has been selected as the preferred form of the ESS. The 
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development of the new approach to wind power dispatch planning is shown in 

Section 5.2. Based on the developed power flow control strategy for the PHS, a 

statistical method is proposed in this section to determine the PHS capacity with the 

view to meet the dispatchability objective at specified probability level. Using data 

obtained from an existing wind farm, an example is given in Section 5.3 to illustrate 

the application of the proposed dispatch planning approach. 

5.1 Some Preliminary Considerations  

5.1.1 The Relevance of low-frequency intrinsic mode and residue 

functions of wind power to dispatch planning 

In this chapter, it is assumed that wind power generators are to participate in a 

competitive energy market. The generation from the wind farms are to be included in 

short-term dispatch planning of the grid system to which the farms are interconnected. 

To meet the same short-term dispatch requirements as that demanded on the 

conventional generators, the wind farm operators will have to submit their dispatch 

bids to the grid operator typically a day ahead. The dispatch bids would consist of the 

wind farms’ output power specified at regular interval of ΔT, with ΔT in the order of 

15 – 60 minutes. However, as explained in Section 3.3.1, analysis of typical wind 

farm output power indicate the presence of oscillating wind power components having 

periods much shorter than ΔT. So over each ΔT, these relatively high frequency 

oscillating power components will not contribute significantly toward the net export 

of energy to the grid. In the dispatch planning of the wind farms, these high frequency 

wind power components do not need to be considered in the present focus on dispatch 

planning. Instead, the high-frequency components can be suitably buffered by fast 

response energy storage devices to enhance the quality of the power supply, a topic as 

considered in Chapter 4.  
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On the other hand, the remaining lower frequency oscillating wind power components 

with periods comparable or larger than ΔT will be considered in the dispatch planning 

of the wind farms. Since the variations of the low-frequency wind power components 

would be slower compared to those in the higher frequency components, accurate 

forecast of the low-frequency wind power components for the purpose of short-term 

dispatch planning can be more readily obtained. To be able to do so is a distinct 

advantage over the other dispatch planning approaches described in the current 

literature, as reviewed in Section 2.3.2.  

For the short-term dispatch planning as envisaged under the scenario depicted in 

Figure 3.1, the concern of the grid operator is the total amount of wind power that can 

be committed a day or so ahead. Accordingly, in this chapter, the aggregate of Pw,i(t) 

from the n groups of wind generators are denoted as Pw(t) in Figure 5.1, where  

 
,1

( ) ( )
n

w w ii
P t P t

=
=∑   (5.1) 

In the present investigation, Pw(t) then forms the input to the LPF to generate the 

signal corresponding to the low-frequency components signal PL(t). The LPF is 

included in the control loop for wind power dispatch as shown in the figure. The 

cutoff frequency of the LPF can be determined based on the method described in 

Section 3.3, using the results of EMD analysis on Pw(t) and the developed concept of 

minimum overlap energy. The filter determines which of the IMFs ci(t) and the 

residue function rn(t) of Pw(t) are to be included in PL(t). The setting of the cut-off 

frequency of the filter is crucial in ensuring the success of the scheme. The details of 

the EMD analysis are in Section 3.3.  
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Figure 5.1. A conceptual large-area wind power generation incorporated with a 

hierarchical ESS scheme: BSHESS for power smoothing and the PHS for 

dispatch planning. 

In the power system section of Figure 5.1, PL(t) is shown as the net power flows to the 

grid and to a PHS installation. While the selection of the PHS and its functions shall 

be explained in greater detail shortly, it will be instructive to study closely the 

characteristics of PL(t), as example of which is shown in Figure 5.2. As can be seen, 

in most instances, the fluctuating PL(t) assumes positive values although there are 

isolated instances of negative PL(t). Negative PL(t) only occurs rarely. Hence, the area 

under the positive portion of PL(t), which corresponds to the situation of energy 

export from the wind generators, is larger than that under the negative portion of PL(t): 

the aggregated wind generation is a net exporter of energy. This is as expected. Indeed, 

in the absence of the PHS and for those instances when PL(t) is positive and is known, 
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one could even treat PL(t) as the short-term wind generation dispatch bids committed 

to the grid, provided PL(t) can meet with the smoothness criteria as stipulated in grid-

code such as [137]. However, the negative portion of PL(t) would then necessitate 

power import from the grid system. If the imported energy is produced by the burning 

of fossil fuels and since the purpose of introducing the renewable source is to reduce 

the dependency on such conventional generation, the importation of power from the 

grid is deemed undesirable. Hence, power import from the grid is not allowed in this 

investigation and accordingly, one obtains the following strategy for the dispatch 

power PG(t):  

 ( ) ( ) ( )      ( ) 0
G L P L

P t P t P t when P t= − >  (5.2) 

 
( ) 0

( ) 0
( ) ( )

G

L

P L

P t
when P t

P t P t

= 
≤

= 
 (5.3) 

Equation (5.2) follows from the power balance requirement whereas under the 

strategy (5.3), the importation of power from the grid is prevented when PL(t) 

becomes negative: PG(t) is set to zero and the PHS will act as a source. The PHS will 

then discharge so that PP(t) = PL(t). Equation (5.2) and (5.3) therefore forms the basis 

of the planning of the dispatch PG(t), the details of which shall be described in Section 

5.2. 

An important outcome of adopting the strategy (5.2) and (5.3) follows from the 

observation alluded to earlier in that the amount of energy contained in a negative PL(t) 

event tends to be small in comparison to the energy exported from the WTG. Since 

the PHS will only discharge in respond to the occurrence of a negative PL(t), the PHS 

will be buffering a relatively small amount of energy in comparison to that harnessed 

from the wind. Hence the strategy (5.2) and (5.3) will only require the installation of a 

PHS of modest storage capacity.  
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5.1.2 Selection of PHS for Dispatch Planning 

Having explained the characteristics of PL(t), the role of the PHS in wind power 

dispatch planning shall be elaborated next. Among the various types of ESS, the ESS 

with the most appropriate attributes is to be selected to effect the strategy expressed 

by (5.2) and (5.3). The low-frequency wind power components PL(t) are slow-varying. 

They tend to be of larger magnitudes than the high-frequency wind power 

components. Considering the capacity of each of the n groups of the WTG can be up 

to 100 MW, PL(t) could reach several hundred MW or higher. Moreover, the net 

amount of the energy in the wind power Pw(t) is contained in PL(t). The design of the 

needed ESS is pertaining to the management of virtually all the energy contained in 

the wind. To smooth out these low-frequencies power components, the large-scale 

storage PHS would be more suitable. This is because PHS has slower response 

characteristics and it is a large-capacity centralized storage facility. Moreover, the 

PHS is more economically viable, in terms of $/MWh, to handle power level of such a 

scale and to sustain it over several hours [78]. Also, the PHS is based on well-

established and highly reliable motor-generator technology. In view of the relatively 

slow variations observed in PL(t), the MG set can readily respond and regulate PP(t) to 

effect the strategy (5.2) and (5.3). PHS is therefore selected as the energy buffering 

medium to facilitate the large-scale wind power dispatch scheme shown in Figure 5.1. 

Also with regard to the PHS, the water level in the PHS reservoir reflects the amount 

of stored energy in the ESS. When the water level is at the maximum designed height, 

the PHS is considered to be at the maximum stored energy state and its SOC is 1. 

Conversely, when the water level drops to the minimum designed height, the SOC of 

the PHS is 1-dP,max where dP,max denotes the maximum allowable depth of discharge. 

In practice however, to prevent the PHS from being over-discharged or over-charged, 

a small positive tolerant ε is included in the permissible SOC operating range, i.e. the 

SOC of the PHS is allowed to vary within the more realistic range of [1- dP,max+ε, 1-ε].  
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Figure 5.2. An example of the low-frequency wind power component PL(t):  PL(t) 

expressed in puMW.  

5.2 Determination of Short-Term Dispatch 

Section 5.1.1 explains PG(t) is governed by (5.2) and (5.3) and the role of the PHS is 

to act as a source during instances of negative PL(t). In the planning process, Pw,i(t) are 

measured and aggregated to form Pw(t). Pw(t) is then fed into the LPF. The output of 

the filter is the required low-frequency component PL(t) of Pw(t). The generated PL(t) 

will form the input to the remaining blocks in the dispatch planning loop. Next the 

development of a power flows control strategy on PP(t) which is necessary in the 

realization of a reliable dispatch plan shall be described.  

Of the various existing forms of power market, the one adopted herewith to develop 

the dispatch plan is as follows. As explained in Section 2.3, the dispatch plan is to be 

submitted to the grid operator up to a day ahead, and the plan contains wind power 
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generation schedules specified at the regular interval ΔT. The wind farm operators 

may revise and re-submit the bids once every s hours. However, the operators would 

only be allowed to revise the dispatch schedule for the period beyond the m
th hour 

from the time of re-submitting the bids [146, 147]. Typically, s = 1 and m = 2. Since 

the dispatch planning considered involves only the low-frequency component PL(t) of 

Pw(t), and the commitment of the wind farms output power several hours ahead, it 

calls for the forecasting of PL(t). This is shown next. 

5.2.1 Forecast of the low-frequency wind power 

With the LPF constructed in the manner as described in the previous section, PL(t) is 

generated in real-time from the measured Pw(t). As PL(t) shall only contain the low-

frequency components of Pw(t) which have periods much longer than s, the forecasted 

PL(t) is not expected to be much different from that predicted s hours earlier. Hence, 

over each updating period s, it will be a much easier task to obtain accurate forecast of 

PL(t) for the short-term dispatch planning, in comparison to the approaches shown in 

[112] in which the whole Pw(t) has to be forecasted.  

In the literatures, the approach to wind forecasting can be based on either physical 

models or statistical models. Physical models, containing numerical weather 

prediction (NWP), utilize meteorological information such as temperature, moisture 

and pressure to forecast wind velocity [148-152]. The disadvantage of NWP models is 

that it is rather complex due to the heavy computational duty. Statistical methods are 

based on the analysis of large amount of historical wind data. Traditional statistical 

techniques include autoregressive (AR), moving average (MA), autoregressive 

moving average (ARMA) [153], autoregressive integrated moving average (ARIMA) 

and the Kalman filters [150, 152]. Newer statistical methods use the artificial 

intelligence (AI) including Artificial Neural Network (ANN) [154-159], fuzzy logic 
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systems [160, 161], support vector machines [162], learning approach [163] and some 

hybrid methods [164, 165].  

The above methods can be used to forecast the wind power directly or to predict the 

wind speeds first and transform them to wind power [166]. Also, the physical and 

statistical approaches are usually hybridized to improve the prediction accuracy [167]. 

In a hybrid method, physical method is often the first step and the forecast results are 

utilized as the input for the statistical methods such as ANN, ARMA.  

 

Figure 5.3. Structure of the three-layer BP network 

For the problem in hand, denote the forecast of PL(t) as PL
*(t). Any one of the above 

forecasting methods could be used to obtain PL
*(t) based on PL(t). Indeed, selected 

forecasting techniques had been applied to obtain PL
*(t), and the back-propagation 

ANN technique was found to perform most satisfactorily in terms of accuracy and 

solution time. ANN is preferred over other methods because a neural network helps 

when it is highly complex to formulate an algorithmic solution and also where there is 

a need to pick out the structure from the existing data. It has good performance when 
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dealing with raw data. It is fault-tolerant, that is, it is able to handle noisy and 

incomplete data. It has strong ability to learn from experience and excellent training 

ability. It is able to deal with non-linear problems and once trained, it can assist in 

prediction and generalization at high speed. Interested readers may refer to [156] for a 

general description on ANN. For completeness, it will be sufficient to include in this 

section a brief introduction to the ANN technique. 

ANN is one of the most popular methods in recent years. It was derived from the idea 

of human neurons and the technique simulates the abilities of neural network of 

human beings using a large number of artificial neurons. The back-propagation (BP) 

neural network is one of the most widely used ANNs due to its ease of 

implementation [168]. Typically, a BP network uses a multilayered feed-forward 

topology. Figure 5.3 shows the structure of a three-layer BP network where the three 

layers are denoted as the input, hidden and output layers [169]. Each layer is consisted 

of a number of neurons. In the figure, the input variable set is denoted by X = [x1, 

x2,…, xn]
T, the hidden variables by H’ = [h1, h2,…, hm]T and the output variables by Y 

= [y1, y2,…, yl]
T. The weight matrix connecting the input and hidden layers and that 

connecting the hidden and output layers are denoted by V = [v1, v2,…, vn]
T and W = 

[w1, w2,…, wn]
T, respectively.  

In the general ANN approach, it involves the training of the network, the purpose of 

which is to obtain the weights of each of the connections [170].  

Mathematically, for the hidden layer,  

 ( ), 1,2,...,
j j

h f n j m= =  (5.4) 
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, 1,2,..., .
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j ij j
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n v x b j m
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Similarly, for the output layer, 

 ( ), 1,2,...,k ky f n k l= =  (5.6) 
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= + =∑  (5.7) 

A transfer function of the neurons often selected is the sigmoid function: 
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Data preprocessing is critical when sigmoid function is applied because the value of 

this type of function is in the range from 0 to 1 or from -1 to 1. Therefore, the input 

parameters should be normalized beforehand. The inverse process is needed to 

convert the output of the network back to the correct range. 

To decide on the proper number of hidden layer neurons, “trial-and-error” method can 

be used. One can start by a small number of layers and increase it by one each time. 

The process stops when the forecasting error starts to increase or no significant 

improvement is observed.  

Briefly, the construction of the ANN model involves the use of historical data of PL(t) 

for the setting up and the training of the neural network. The ANN model developed 

in this study consists of the input, hidden and output layers. The numbers of neurons 

in the layers are 20, 10 and 1 respectively. The time step is set to 1 hour so as to 

satisfy typical power market rule with regard to the frequency of updating power 

dispatch. After the ANN model has been successfully trained, the well-trained neural 

network can then be used in the dispatch planning process to yield PL
*(t) using real-

time generated PL(t) as input in the following way. Firstly the hourly power data PL(t) 

of the immediate past 20 hours forms the 20 inputs of the model. The output (one 
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output) is the forecasted power for the next hour. It is denoted herewith as the 1st 

forecast data. The model can then be used to forecast the power of the 2nd hour (called 

the 2nd forecast data) using the 1st forecasted data and the immediate past 19 hourly 

power as inputs. This can be repeated to generate a series of forecast for (say) the next 

24 hours. At the end of the first hour, the actual value of the wind power would be 

known. It can then be used to replace the 1st forecast data. The forecast for the 2nd and 

3rd data can be updated using the actual 1st hour power instead of the 1st forecast data. 

So in this way, the forecast is updated at every hour.  

Typically, the solution time required to generate PL
*(t) is about 15s using a processor 

of Intel(R) Core(TM)2 Quad CPU Q9400 @ 2.67GHz. The solution time is short 

compared to the bid re-submission interval of s hours. Hence, there is ample time for 

the ANN forecaster to generate PL
*(t) in time for the bids re-submission. 

Next and as shown in Figure 5.1, with the forecast PL
*(t) as input, the “PHS Power 

Flows Control Strategy” block determines the estimated PHS output power reference 

PP
*(t). The determination of the dispatch reference PG,ref(t) then follows, as described 

next. 

5.2.2 Determination of the dispatch reference 

From (5.2) and (5.3) and by treating the forecast PL
*(t) as the reference for PL(t), one 

obtains  

 
* * *

, ( ) ( ) ( ) ( ) 0
G ref L P L

P t P t P t when P t= − >  (5.9) 
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(b) 

Figure 5.4 (a) PL
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(t) determined at t0; (b) Strategized PP
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So from (5.9) when PL
*(t) > 0, in order to generate the reference PG,ref(t) in the 

planning of the dispatch PG(t), PP
*(t) has to be determined since PL

*(t) is known from 

the output of the LPF. The method to determine PP
*(t) shall now be explained. At 

time t0, suppose the wind power generation operators are to provide the dispatch bids 

for the subsequent hours. Also at t0, suppose the ANN forecaster generates the 

forecast PL
*(t) shown in Figure 5.4(a). However, in line with the adopted market rules 

explained earlier, PG,ref(t) in the immediate m hours must retain the bid values 

submitted before t0. Therefore at t0, the operators are to submit bids for the t1
th

 hour 

and beyond, where t1 = t0 + m. 

Within the interval t1≤ t ≤ t2, Figure 5.4(a) shows that PL
*
(t) ≥ 0, i.e., there is a 

predicted net outflow of power from the direction of the n groups of the WTG. As will 

be shown later, the SOC of the PHS will be at the maximum level of 1 – ε at this stage 

of the PHS operations. Thus it is necessary to export all the outflow power to the grid:   
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At t = t2, however, Figure 5.4(a) shows that PL
*
(t) = 0. Since the SOC of the PHS can 

be tracked in real-time, thus the SOC of the PHS at t0 is known and that at t2 can be 

estimated as  
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 (5.12) 

In (5.12), EP,r denotes the rated energy storage capacity of the PHS and PL
*(t) is the 

forecast made at t0. Also in (5.12) and as alluded to earlier, over the m-hours interval 

t0≤ t ≤ t1, PG,ref(t) is set equal to the forecast PL
*(t) made before t0. However PL

*(t) 

generated at t0 inevitably differs from that made before t0. Thus, the PHS acts to 
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compensate for the difference. This is reflected in the expected change in the SOC, as 

reflected by the 2nd term on the RHS of (5.12). On the other hand, from (5.11), over 

the interval t1≤ t ≤ t2, PG,ref (t) = PL
*(t) or PP

*(t) = 0. Hence, the 3rd term on the RHS of 

(5.12) will be zero. 

Next, within the interval t2≤ t ≤ t3, a new situation has occurred as PL
*(t) is negative: 

there is a predicted net inflow of power toward the n groups of the WTG. To prevent 

the importation of power from the grid as indicated by (5.3), so PG,ref(t) is set to zero 

as shown in (5.10). The forecasted shortfall in the power, i.e. the negative PL
*(t), is to 

be supplied by the PHS and the PHS is called upon to discharge. The amount of the 

discharged energy is equaled to Ed/ηd, where ηd is the efficiency of the PHS 

discharging process. Ed is the energy equaled to the shaded area shown in Figure 

5.4(a). Ed can be readily determined since PL
*(t) is known. At the end of the 

discharging process at t3, SOC(t3) of the PHS can be estimated as 

 3 2 ,( ) ( ) / ( )d d P rSOC t SOC t E Eη= −  (5.13) 

Following the negative PL
*(t) event and beyond t3, PL

*(t) returns to positive values and 

there would be once more a net outflow of power from the direction of the groups of 

the WTG. Since the PHS has been discharging over the interval t2≤ t ≤ t3, SOC(t3) will 

be less than 1-ε. So instead of exporting PL
*(t) to the grid, it will be prudent to direct 

all of PL
*(t) to re-charge the PHS so that the PHS can reach the fully charged state, i.e. 

SOC = 1-ε, in the shortest possible time. In Figure 5.4(b) and at t = t5, the PHS is 

expected to be almost fully charged and it will then be desirable to institute a smooth 

ramping-down charging strategy. This is to be accomplished at a rate in compliance of 

the maximum allowable power ramp rate stipulated in grid-code such as [137] and/or 

that permissible for the safe ramping down operation of the PHS, whichever is 

applicable. This maximum allowable power ramp rate is denoted as γmax. It is 

proposed herewith that PP
*(t) is to ramp down at the constant rate γmax. The time t5 can 

be calculated as follows. With the known PL
*(t), numerically one can determine the 
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value of t4 such that the positive shaded area bounded by PL
*(t) and between t3 and t4 

in Figure 5.4(a) is Ed/ηdηc where ηc is the efficiency of the PHS charging process. At 

the precise instance t4, the SOC of the PHS will then be equaled to that at t2. Again by 

numerical means, one can readily determine the time t5 when the charging process 

should start to ramp down at the maximum rate of γmax such that by the time t6, the 

SOC of the PHS is 1-ε. The shaded area in Figure 5.4(b) shown bounded by PP
*(t) for 

t3≤ t ≤ t6 would be exactly the charging energy Ed/ηdηc. The PHS charging process can 

then terminate and the PHS shall be ready for the next round of discharging-charging 

cycle.  

In view of the above, thus over the interval t2≤ t ≤ t5, set  
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Starting from t5, PG,ref (t) is to follow the linear power ramp-up curve as shown in 

Figure 5.4(b). Hence, 
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After t6, all the WTG output power is exported to the grid. Thus, set  
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The process of (5.16) is maintained until the next instance when PL
*(t) becomes 

negative again and the discharging-charging cycle of the PHS is repeated. Thus, prior 

to the PHS discharging, the SOC of the PHS is at the maximum level of 1 – ε which is 

precisely the state of the PHS when deriving(5.11).  
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In summary, the estimated PHS output power reference PP
*(t) and the dispatch power 

reference PG,ref (t) for t ≥ t1 are governed by (5.11), (5.14), (5.15) and (5.16). PP
*(t) is 

shown in the form of the solid line while that of PG,ref(t) is indicated by the dashed-

line in Figure 5.4(b). The “PHS Power Flows Control Strategy” block of Figure 5.1 

effects this PHS discharging-charging strategy. As fresh PL(t) becomes available at 

the output of the LPF, PL
*(t) can be readily computed within the dispatch bids re-

submission interval s. The “Dispatch Planning Process” loop can therefore generate 

and update the dispatch reference PG,ref(t) in time to meet the power market 

requirements.  

5.2.3 Role of PHS in Increasing the Robustness of Dispatch Plan  

Being the forecast of PL(t), PL
*(t) does contain errors. The error is un-avoidable and 

yet, it is desirable to minimize its impact on the dispatch bids PG,ref(t). Let the forecast 

error in PL
*(t) be e(t), i.e., 

 e(t) = PL(t) - PL
*(t) (5.17) 

Substituting PL
*(t) from (5.17) into (5.9) and (5.10) and in order to maintain PG,ref(t) at 

the same values as that determined using the forecast PL
*(t), the actual PHS power 

PP(t) is given by  

 PP(t)=PP
*(t) + e(t) (5.18) 

Thus another role of the PHS is to compensate for the errors in PL
*(t) so that PG,ref(t) 

can maintain at the values determined from PL
*(t) using (5.9) and (5.10). So apart 

from the primary function of the PHS in providing power when PL(t) becomes 

negative, the PHS also buffers the forecast errors in PL
*(t) and can thus play the role 

in increasing the robustness of the dispatch reference PG,ref(t). 
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PL
*(t) provides the information to determine PP

*(t) and whence PG,ref(t). The accuracy 

of the forecasts tend to degrade as the time horizon of the forecasts increases. Thus 

regular update of PL
*(t) is necessary so as to improve on the credibility of the dispatch 

plan PG,ref(t). It is for this reason that in this investigation, PL
*
(t) is updated hourly, i.e. 

s = 1, and PG,ref(t) beyond the immediate 2 hours will be refreshed once the update in 

PL
*(t) is available. 

5.2.4 Determination of PHS storage capacities 

In this section, a statistical approach is suggested as a possible way to determine the 

power and energy capacities of the PHS necessary to achieve the dispatch planning 

objective. 

Having determined the cutoff frequency of the LPF in Section 3.3, and with known 

historical Pw(t) as input to the filter, the low-frequency components PL(t) of the wind 

power can be obtained. It is assumed that the forecast error in PL(t) is negligible and 

the actual PL(t) is used when designing the capacities of the PHS. From the power 

flows control strategy for the PHS described in Section 5.2.2 , the power flows to the 

PHS PP(t) can be obtained based on the known PL(t) over the complete study period 

of Ts days. Then take the absolute values of PP(t) and construct its CDF. Figure 5.5 

shows an example of the CDF which shows that the maximum value of |PP(t)| is 

0.08959 puMW which corresponds to the CDF of 1. One could therefore specify the 

PHS power capacity PP,r as 0.08959 puMW. With this power capacity, the PHS can 

be expected to buffer completely the low-frequency power fluctuations by the 

proposed power flows control strategy, provided the energy capacity of the PHS is 

also sufficiently large. Unfortunately PP,r so determined may be so large that the PHS 

is uneconomical. 
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The proposed statistical approach seeks to obtain a lower PHS power capacity such 

that the probability |PP(t)| is within the PHS power capacities is at a pre-specified 

level of pP. Mathematically, to buffer the low-frequency wind power using the PHS, 

this design task can be expressed as the determination of PP,r such that 

 { },( )
P P r P

P P t P p≤ =  (5.19) 

In other words, the PHS can successfully satisfy the power demand with the 

probability of pP. Using Figure 5.5 to illustrate the above concept, suppose pP is set to 

be 0.995. From the figure, the power capacity of the PHS is PP,r = 0.074 puMW. 

Whence, PP(t) is expected to be outside the range [-0.074 puMW, 0.074 puMW] with 

the probability of 0.005. When PP(t) is outside the PHS power limits, the un-buffered 

power shall flows to the grid. With a judicious choice of pP, however, one could arrive 

at an acceptable probability level for such circumstance while still maintaining a 

viable PHS design.  

 

Figure 5.5. CDF of |PP(t)| showing PP,r is 0.074 puMW when pP=0.995 
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The energy capacity of the PHS can also be calculated using the method similar to 

that described in Section 4.3.2, as follows. With known PP(t), the change in the stored 

energy level in the PHS (∆EP(t)) is obtained by integrating PP(t) with respect to time, 

i.e.  

 
0

( ) ( )
t

P PE t P dτ τ∆ = ⋅∫  (5.20) 

The maximum and minimum values of ∆EP(t), denoted as ∆EP,max and ∆EP,min 

respectively, can then be obtained over TS. As the PHS must not operate below its 

maximum DoD dP,max, thus the rated energy capacity of the PHS is 
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5.3 Illustrative Example 

The proposed dispatch planning method will be illustrated, using the same 7-month of 

the aggregated output power Pw(t) shown in Section 4.4.3. The data was recorded 

between Jan to July 2007 at a wind-farm in Jiangsu Province, China. 

5.3.1 Design of the Dispatch Planning Process Loop 

In Section 3.3, following an EMD analysis of the recorded Pw(t), 24 IMFs and the 

residue function were obtained and a sample of which is as shown in Figure 3.4(b). 

Based on the IMF and the search procedure described in Section 3.3, it was 

subsequently found that the cutoff frequency of the LPF to achieve minimum overlap 

energy is 6.74×10-6 Hz. The designed LPF was then applied to obtain PL(t). The 

sample of the wind power Pw(t), which is also considered in Sections 3.4 and 4.4, and 

the obtained PL(t) are shown in Figure 5.6. In Figure 3.4(b), recall the IMFs c1(t) and 
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cg(t) are components of the high- and mid-frequency wind power while ck(t), cm(t) and 

rn(t) are the components of PL(t). From the corresponding ∆Ei(t) plots shown in Figure 

3.4(c), it can be easily established that ∆Ei(t) of the higher frequency component of 

Pw(t) is clearly very small compared with that shown in the low-frequency 

components. Indeed, one can readily calculate the total amount of energy contained in 

Pw(t) by integrating Pw(t) with respect to time and compare it with that contained in 

PL(t). The respective values are 76.146 puMWh and 76.075 puMWh. The difference 

of 0.071 puMWh amounts to about 0.09% of the total harnessed wind power over the 

sample period. It therefore indicates that over the period, the net amount of the energy 

in the wind is contained in PL(t). The design of the PHS is therefore pertaining to the 

management of virtually all the energy contained in the wind. Thus the focus of 

dispatch planning is on the low-frequency PL(t) and it is a reasonable approach. 

Next, the initial 6.5 months of PL(t) was used to set up and train the ANN model. In 

order to assess the performance of the ANN forecaster, the trained model was utilized 

to obtain PL
*(t) for the last 0.5 months of July 2007. Figure 5.7 shows the comparison 

between the forecast PL
*(t) and the actual PL(t): The mean absolute error of the 

forecast is 1.67% over the period. The ANN model is considered to have forecasted 

PL(t) to an acceptable level of accuracy.   
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Figure 5.6. (a) A sample of wind power Pw(t); (b) The corresponding PL(t) 

extracted from Pw(t) using the designed LPF. 
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Figure 5.7. Comparison of PL(t) and PL
*
(t) over the last 0.5 months of July 2007 

and the expanded plot over the first 3 days of the period: Forecast updated 

hourly. 

Over this 0.5 months period, negative PL
*(t) occurs on three occasions and are of 

durations 15.8, 19.4 and 10.4 hours. As indicated by (5.9) and (5.10), the PHS is to 

export power when PL
*(t) is negative. The discharging interval of the PHS 

corresponds to the duration of the negative PL
*(t) and are well within the typical 

periods in which the PHS can be expected to operate satisfactorily. It verifies the PHS 

is a suitable energy storage medium for the wind power dispatch planning scenario.. 



CHAPTER 5 

 

118 

5.3.2 Determination of PHS storage capacities 

The first 6.5-month of the PL(t) segment was used to determine the power and energy 

capacities of the PHS based on the method described in Section 5.2.4. From the power 

flows control strategy for the PHS described in Section 5.2.2, the power flows at the 

terminals of the PHS PP(t) can be obtained based on the known PL(t) over the 6.5 

months. The obtained PP(t) is as shown in Figure 5.8(a). An expanded view showing 

one discharging-charging cycle of the PHS is also shown in Figure 5.8(b).  

The CDF of |PP(t)| is shown in Figure 5.5. It shows that if the PHS is to successfully 

meet the power flows control strategy of Section 5.2.2 with the probability of 0.995, 

i.e. pP=0.995, the required PHS power capacity PP,r is 0.074 puMW. This is a very 

modest level of power capacity, in comparison of the high degree of variability seen 

in Pw(t) on Figure 5.6(a). The reason for this is because the high- and mid-frequency 

components of the wind power have been filtered out to be buffered by the BSHESS, 

as described in Chapter 4. The magnitude of the remaining low-frequency 

components of Pw(t), shown in Figure 5.6(b), are of much reduced range. Furthermore, 

negative PL(t) assumes even lower values than the positive PL(t). Hence, PP,r is 

expected to be rather low, as shown. 

With known PP(t), the change in the stored energy level in the PHS (∆EP(t)) is 

obtained by integrating PP(t) with respect to time. The maximum and minimum 

values ∆EP,max and ∆EP,min can then be obtained over the 6.5 months. The maximum 

DoD dP,max of the PHS is assumed to be 0.8. The corresponding energy rating can be 

calculated using (5.21) and it yielded EP,r=0.43 puMWh.  
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Figure 5.8. (a) PP(t) over 6.5 months; (b) Expanded view showing one 

discharging-charging cycle of the PHS  
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Figure 5.9. Outcome of the dispatch planning of the last 0.5 months of July 2007: 

(a) PL(t), PG,ref(t), PP
*
(t), PP(t) (all expressed in puMW) and the SOC of the PHS; 

(b) Expanded view of the first 3-day of the plots shown in (a).  
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5.3.3 Outcome of the Dispatch Planning Process 

With PL
*(t) so determined, the dispatch planning of the wind farm for the last 0.5 

months of July 2007 can be carried out by following the PHS power flows control 

strategy described in Section 5.2.2. The obtained PG,ref(t) is as shown in Figure 5.9(a). 

Also shown is PL(t). Although PL(t) does assume negative values over certain 

intervals, however, with the help of the PHS, the dispatch bids submitted to the grid 

operator PG,ref(t) are always positive, i.e. there would be no power import from the 

grid. The actual PHS output power, PP(t), was obtained by subtracting PG,ref(t) from 

PL(t). The PHS is seen to undergo three distinct discharging-charging cycles over the 

0.5-months period.  

It would be instructive to examine the expanded view of the 3-day plots of PL(t), 

PG,ref(t), PP
*(t), PP(t) and the SOC of the PHS shown in Figure 5.9(b). Within the 

interval t1 ≤ t ≤ t2, PL(t) is positive and this net power is to be exported to the grid. 

Indeed, PG,ref(t) shows the export is taking place. However, PG,ref(t) is determined 

based on the forecast PL
*(t) and as shown on Figure 5.7, PL

*(t) differs slightly from 

PL(t). The power difference is buffered by the PHS, a role as explained in Section 

5.2.3. PHS output power flows PP(t) are at relatively low level and are difficult to 

decipher from Figure 5.9(b). Subsequently over the interval t2 ≤ t ≤ t3, PL(t) is negative. 

Based on the dispatch planning strategy (5.14), there shall be no power export to the 

grid over this interval. Instead, the PHS discharges to support the wind farm-BSHESS. 

Hence, over this period, PP
*(t) = PL

*(t) and as the PHS discharges, its SOC is seen to 

decrease, as expected. At t = t3, PL(t) is observed to revert back to the positive 

directional flow. Instead of exporting PL(t) to the grid, the proposed dispatch planning 

strategy is to replenish the discharged energy of the PHS first so that the re-charged 

PHS will have the ability to provide the buffer power when the subsequent negative 

PL(t) occurs. Accordingly, the PHS is charged and its SOC increases from t = t3 until t 

= t6 when the PHS is fully charged, as indicated by its SOC of close to 1 – ε or 0.95. 
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Beyond t6, as the PHS is fully charged and since PL(t) is positive, almost all of PL(t) 

would be exported to the grid in the form of the positive PG,ref(t). Only a small amount 

of PP(t) would be used to buffer the forecast error in PL
*(t), as explained earlier. The 

above process repeats itself subsequently.  

With ε = 0.05, the SOC of the PHS is therefore allowed to operate within the range of 

[0.25, 0.95]. As can be seen in Figure 5.9, the SOC of the PHS is indeed within this 

range. It shows that the energy capacity of the PHS assumed earlier is adequate. 

5.3.4 Comparison of the Dispatch Planning Approaches 

An additional study has also been made into the dispatch planning strategy proposed 

in [109] and adopting it for the PHS. The aim is to compare the short-term dispatch 

schedules obtained using this strategy with that shown on Figure 5.9. For a reasonable 

comparison, the same PHS rated energy storage capacity EP,r of 0.43 puMWh has 

been assumed in this study. The same forecast PL
*(t) of Figure 5.7 was also used to 

determine PG,ref (t). However, in adopting the method of [109], PG,ref (t) is to assume 

either the maximum or the minimum value of PL
*(t), depending on whether the PHS is 

to undergo a discharging or charging process respectively. The PHS only changes its 

operating when the PHS is either fully charged or discharged. By applying this 

strategy, the results of Figure 5.10 was obtained for the same 3-day period shown in 

Figure 5.9(b).  

Figure 5.10 shows that over the 3-day period, the PHS has undergone 3 complete 

charge-discharge cycles. Each of the cycles utilizes fully the PHS allowable charge-

discharge energy of (dP,max -2ε)EP,r or 0.301 puMWh. In comparison, Figure 5.9(b) 

shows that the PHS has undergone only 1 charge-discharge cycle over the same 

period based on the present proposed strategy. It also involves the much lower charge-

discharge energy level of about 0.21 puMWh. Thus one can expect a longer PHS 
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lifetime if the strategy proposed in the present work is adopted because of the less 

number of operating cycles. The much larger discharging-charging energy is involved 

in the approach of [109] because the resulting dispatch scheme requires the PHS to 

deal with both the positive as well as the negative PL
*(t). 

 

Figure 5.10. PG,ref(t) based on the dispatch strategy proposed in [109].  

5.4 Conclusions 

A method for dispatch planning has been proposed by focusing on the low-frequency 

components of the wind power extracted by a LPF. The output of the filter is then 

used in a developed ANN model to produce forecast of the low-frequency wind power 

components. By controlling the power flows of a PHS according to the developed 

strategy shown in the chapter, short-term dispatch planning can be achieved. The 
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method. The proposed approach to dispatch planning has been demonstrated on the 

historical data of an existing wind farm. 

As a result of adopting the proposed dispatch strategy, the PHS can be expected to 

undertake the energy buffering role infrequently, and the required PHS energy storage 

capacity is modest in comparison to the level of the harnessed energy from the wind. 

This is because the PHS is concerned with the provision of the power during periods 

of negative PL(t). The magnitudes of PL(t) are much lower than that observed in the 

variations of Pw(t) which contain the high- and mid-frequency components. Hence, 

the proposed method has resulted in a much more realistic PHS design.  
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CHAPTER 6. Conclusions and Recommendations 

6.1 Conclusions 

The use of ESS for wind power smoothing and wind power dispatch has been studied 

in this thesis.  

Chapter 2 focuses on the impacts of the perturbing wind power on grid systems by 

firstly explain the probability distributions of wind speed and wind power. The 

statistical models are to characterize the fluctuating nature of wind. Wind power 

perturbations may cause some problems such as voltage instability and frequency 

deviations, with the result that wind power generation is often considered non-

dispatchable. Conventional method to mitigate the negative impacts is through the 

power regulation of other on-line generators but at the expense of costly reserve 

margin to be carried by the grid. This is a major impediment to the successful large-

scale integration of wind power generation into grid systems, unless viable techniques 

to lessen the fluctuations can be found. Proper coordination of the control actions of 

WTG with that of the ESS can provide a solution for smoothing wind power and 

enhancing the dispatchability of wind generation in electricity markets. There are 

several storage options for wind energy applications. A review of some common ESS 

and their various characteristics are compared in the chapter.  

In consideration of the above, Chapter 3 proposes a large-scale wind generation-ESS 

scheme so as to achieve the objectives of smoothing and dispatching the wind power. 

A battery-supercapacitor energy storage system is used for buffering the mid- and 

high-frequency wind power fluctuations, while a PHS is utilized to deal with the low-

frequency components of the wind power in order to achieve the dispatch planning. 
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The scheme uses HPF, BPF and LPF to obtain the high-, mid- and low-frequency 

wind power components. By utilizing the EMD technique and the developed concept 

of minimum overlap energy, a new method to determine the cutoff frequencies of the 

three filters is described. In this way, the high-, mid- and low-frequency bands of the 

fluctuating wind power have been obtained to the extent that the SC, BESS and PHS 

can maximize the amount of energy they can deal with, with the least amount of 

cross-coupling between the three ESS. 

With the cutoff frequencies of the filters determined, the battery-supercapacitor 

energy storage system for wind power smoothing is further examined in Chapter 4. In 

particular, the BSHESS power flows control scheme is shown. Furthermore, a 

statistical method has been developed to determine the power and energy capacities of 

the BSHESS so that the cost of the BSHESS is minimized while the BSHESS is able 

to smoothen the wind power to meet specified probability level. The method differs 

from the deterministic approach proposed by other researchers. The proposed 

approach has been applied to the design of a BSHESS of an existing wind farm and 

the designed BSHESS is shown to be able to achieve wind power smoothing to a 

satisfactory level. 

After the high- and mid-frequency wind power perturbations have been removed by 

the BSHESS, the remaining low-frequency oscillating components is focused on for 

dispatch planning. A method to carry out dispatch planning has been proposed in 

Chapter 5. Specifically, the output of the LPF is used in a developed ANN model to 

produce forecast of the low-frequency wind power components. By controlling the 

power flows of a PHS according to the developed strategy shown in Chapter 5, short-

term dispatch planning can be achieved. A statistical method is also presented to 

determine the power and energy capacities of the PHS. The proposed approach to 

dispatch planning has been illustrated on an existing wind farm.  
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6.2 Recommendations for Future Works 

Notwithstanding of the progress made so far, the following areas are suggested for 

further investigations.  

1. Dynamic model of system 

The more detailed model of the proposed grid-connected wind generation-ESS 

scheme should be established to assess its dynamic performance. The power 

smoothing and dispatching capability of proposed scheme can then be 

examined dynamically by considering the possible interactions between the 

ESS and the WTG. Also the effects of filters’ cutoff frequencies and the ESS 

storage capacities can also be studied in greater detail. In the model, the power 

quality enhancement and the power dispatch is integrated into a combined 

operational scheme. Thus the two different aspects of network functions, i.e. 

power quality and power/energy management, could result in a faster inner 

power quality control loop and an outer but slower power dispatch control 

loop. The coordination of the control actions and the different ESS mediums 

which cater for their respective functions can be investigated. 

2. Voltage quality of point-of-common coupling (PCC)  

In Figure 3.3, the voltage quality at the PCC remains to be investigated. Under 

both uncertain generation and demand scenario, maintaining voltage quality in 

network is a significant concern to ensure the proper operation of the power 

system. Reactive power flows from grid, WTG and ESS can be determined to 

ensure acceptable voltage quality in the system so that the magnitude of the 

voltage at PCC is controlled to remain acceptable level. An effective control 

method has to be developed to control the reactive power flows. Therefore, 
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another loop for reactive power control would have to be included to the 

dynamical model of the system. 

3. Mixed renewable power generation 

Thus far the study has only focused on wind generation. A fruitful area would 

be to investigate a mixed renewable power generation scenario, e.g. a mixed 

solar-wind generation. The different sources could complement each other. 

For example, instances of strong wind may coincide with that of low or no 

solar irradiation conditions, and vice versa. Thus one can expect the degree of 

variability of the mixed renewable generation system to be lower than that of a 

wind generation system. As a result, the capacity of the ESS required to 

achieve power smoothing and renewable power dispatchability will be 

correspondingly lower. This will make the harnessing of RE for electricity 

production an even more viable proposition.   
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