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Abstract:

 Hydro-wind system output fluctuations are the primary factors used to assess the effects of hydropower on power companies compensating for wind power intermittency. Considering that most fluctuation indices can only characterize one aspect of fluctuations, namely, the quantitative or contour variations, we present a new index that uses the standard deviation (SD) and rotation angle to detect the quantitative variations and contour changes, respectively. Herein, the new index is compared with commonly used indices, specifically, the first-order difference, SD, and Richards-Baker flashiness indices. The results of tests performed using various processes and disposals show that: (1) when dealing with the process by moving average, repeating or overlay disposal, the new index performs comparably to the other indices, while when dealing with the process by zooming disposal, it more fully describes the fluctuation characteristics by taking both quantitative and contour variations into consideration; (2) when the new index is used to characterize the hydro-wind output fluctuations with different resources and capacities, the outcomes coincide with the mechanisms of hydro-wind systems. This study presents a new way to characterize the fluctuation of hydro-wind output.
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1. Introduction


With the rapid growth of wind power use in recent years, the power grid faces challenges in terms of reliability and economic operability due to the stochastic nature and intermittency of wind resources [1]. Storable or adjustable energy sources, such as hydropower and compressed air energy, provide solutions to these challenges [2]. Systems that combine wind power and hydropower are the main technologies that could overcome these issues [3]. For such a combined coordinative system, it is important to identify the contribution of the hydropower company that compensates for the intermittency of wind power, and the impact on its profits. Since output fluctuation is the primary element which could reflect that compensation, a rational index to quantify the fluctuation would provide significant support to the power companies.



Indices that quantitatively evaluate output fluctuations have been proposed and applied by many researchers in the electrical research field [4]. In other fields, such as hydrological regime research [5], environmental assessment [6], and economic analysis [7], similar methods of calculating process fluctuations have also been presented. Generally, these indices can be classified into two types: quantitative and contour.



The output of a process is always expressed in the form of a polyline in the rectangular coordinate system. The quantitative index is related to the differences in the values of the ordinates. According to the disposal of ordinate, the quantitative type is further divided into several categories. The first category is the difference value, which includes the first-order difference (FOD) [8,9,10,11,12], standard deviation (SD) [4,7,13,14,15], and variation [16]. This category contains a sort of difference pattern, such as difference between adjacent ordinates, difference between ordinate and its mean. The second category is called the divided category, and it includes the FOD divided by the maximum [17], SD divided by the mean [13,14,18], coefficient of variation [19], normalized SD [20], and Richards-Baker Flashiness (RBF) index [5,19,21,22,23,24]. The third is the distribution, and contains the distribution of the FOD [4] and the distribution of exceedance [6]. These distribution indices concentrate on the frequency of variation of a certain magnitude, resulting in a group of frequencies. They cannot generate a single quantitative value to describe the fluctuation of the entire process.



The FOD, SD, and RBF indices are often used for quantitative analysis, with the FOD and SD being the most commonly used in research. The RBF, based on Indicators of Hydrological Alteration (IHA) [25] and Richards Pathlength (RP) [26], was proposed by Baker and Richards in 2004 [27] and has subsequently been widely used to describe stream flow fluctuations [5,19,21,22,23,24]. Due to ignorance of contour variation of process, the FOD, SD and RBF are capable of describing the dispersion of process but inadequate to discern the contour difference. Taking a sine/cosine process as an example, if its period changes from 2π to 4π then it is obvious that the process becomes flatter but retains its original SD.



The contour type takes the abscissa of process into consideration and mainly describes the shape of process, such as its slope [5,25,28,29], rotation angle [30,31,32,33,34], number of reversals [5,25,29,35], and length [26]. In our earlier study on quantifying fluctuation [30], the rotation angle was used to calculate the fluctuation of the combined output of a pumped storage station and a thermal station. During subsequent research [31,32,33], the rotation angle was consistently used to describe the output fluctuations. With shortage of counting quantitative variation, the contour type could not distinguish between similar processes, such as zigzag processes.



Considering that dispersion and shape only represent one aspect of a process output function, we propose a new index to characterize the fluctuations. Based on both quantitative and contour type indices, this index employs the SD and rotation angle to describe the fluctuations. In the subsequent discussion, first the new index is introduced. Next, the tests performed using diverse processes and various proposals confirming the validity of the proposed index are described. Then, it is applied to analyze the fluctuation of hydro-wind output.




2. Methods and Materials


2.1. Methods


The method proposed in this paper is intended to characterize the fluctuations of an output process by utilizing the SD and rotation angle.



The SD is used to describe the quantitative variations and can be calculated using Equation (1):


[image: there is no content]



(1)




where y(i) is the ordinate of the process output which is expressed in the form of a polyline in the rectangular coordinate system; i is the sequential number of data points of the polyline; N is the total number of data points; [image: there is no content] is the mean of the y(i) values; and [image: there is no content] is the quantitative variation of the process.



The rotation angle is employed to describe the contour variations of the process output. Equations (2)–(4) can be used to calculate the rotation angle:


[image: there is no content]



(2)
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(3)
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(4)




where θi is the rotation angle of the process output, as shown in Figure 1. When 2 ≤ i ≤ N−1, θi is the rotation angle between two adjacent line segments of process, while when i = 1 or N, it is the acute angle between the 1st or Nth line segment, respectively, and a horizontal line. The slope is represented by ki. When 1 ≤ i ≤ N−1 ki is the slope of the ith line segment, while when i = N, it is the slope of N−1th line segment. The symbol [image: there is no content] represents the contour variations of the process output.


Figure 1. Diagram of rotation angle and line segment of process.
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The equation of characterizing the fluctuation of process is shown in Equation (5). We refer to the new index as the Mei-Wang Fluctuation (MWF) index:


[image: there is no content]



(5)







In order to testify the validity of using the MWF index to characterize the fluctuation of output process, several commonly used measures, namely, the FOD, SD, and RBF indices, were compared with the MWF index. Their functions are listed in Table 1.


Table 1. Indices used to characterize the fluctuation of processes.


	Index
	Description
	Source/Reference





	First Order Difference
	[image: there is no content]
	Reference [8]



	SD
	[image: there is no content]
	Carl Friedrich Gauss



	Richards-Baker Flashiness (RBF)
	[image: there is no content]
	Reference [27]



	Mei-Wang Fluctuation (MWF)
	[image: there is no content]

[image: there is no content]

[image: there is no content]
	This study










2.2. Materials


2.2.1. Process


To test the validity of the proposed index several types of processes were used, such as random, periodic, and observed processes. Periodic processes include zigzag and sine/cosine processes. In this study, the observed processes were the runoff and wind speed processes shown in Figure 2 and Figure 3, respectively.


Figure 2. Normalized runoff process (from 0 to 100) analyzed in this research. Original data describe runoff measured at hydrologic station (location: 30°42′ N, 111°17′ E, catchment area: 1.01 × 106 km2) in central China. Resolution is 1 day and duration is 50 years.



[image: Energies 09 00114 g002 1024]





Figure 3. Wind speed process analyzed in this study. Data were downloaded using Modern-era Retrospective Analysis for Research and Applications [36], an application developed by NASA. Series covers Jinning region in southwestern China (24°30′ N, 102°40.13′ E) with resolution of 1 h and duration of 30 years (from 1 March 1984 0:00 to 28 February 2014 23:50). (a) The wind speed process from 1 March 1984 0:00 to 28 February 1994 23:50; (b) The wind speed process from 1 March 1994 0:00 to 28 February 2004 23:50; (c) The wind speed process from 1 March 2004 0:00 to 28 February 2014 23:50.
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From Figure 2 and Figure 3, it can be seen that both the runoff process and the wind speed process show periodical and random feature. During testing, different magnifications were adopted to obtain similar processes with different but regular fluctuation, such as abscissa zoom, ordinate zoom, and combinations of abscissa and ordinate zoom. Moreover, repeating disposal and superimposed disposal were applied. With various processes, the capability of the proposed index can be verified.




2.2.2. Combined Hydro-Wind Power System


In this research, we used data obtained at an anemometer tower and a hydrologic station as the source data to simulate a combined system consisting of one wind farm and one hydropower station. The anemometer tower and hydrologic station are both located in Dayao (Yunnan, China), as shown in Figure 4, and are separated by 40 km. The wind speed and runoff measured at the anemometer tower and hydrologic station, respectively, during 72-h-long periods in both the flood and dry seasons were considered in our study; these are displayed in Figure 5.


Figure 4. Locations of anemometer tower and hydrologic station. Anemometer tower is located in southern Dayao County in Yunnan Province, China (25°36.72′ N, 101°22.88′ E). Hydrologic station is located in western Dayao County (25°42.53′ N, 100°59.6′ E), and its catchment area is about 1950 km2. (a) the location of Dayao County in Yunnan Province; (b) the location of Yunnan Province in China.
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Figure 5. Wind speed and runoff measured at anemometer tower and hydrologic station, respectively, over 72-h-long periods.
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3. Results and Discussion


3.1. Comparison of Indices


In order to illustrate the abilities of the different indices to characterize process output fluctuations, various processes were examined in this study. Firstly, the shortcomings of the most commonly used indices were elucidated by applying them to special processes. Then, the validity of the proposed index was confirmed by using diverse processes and disposals.



The FOD is simple, as it only takes into the absolute difference between adjacent values account, and not the deviation, which can be described by the SD. From Figure 6a, it can be seen that the FODs of the two investigated process are the same, but the deviation of the dashed line is apparently larger than that of the solid line. Even the SD index has exceptional case. As shown in Figure 6b, their SDs are the same, while the fluctuations are apparently different. The SD only accounts for the deviation of the output and not for its contour variations. As for the RBF index, it cannot distinguish between processes with different scales of ordinates, as shown in Figure 6c. The ordinate of each point on the dashed line in Figure 6c is four times the corresponding ordinate of the solid line, though their RBF indices are same, because the ordinates existing in both the numerator and denominator of the RBF function (as shown in Table 1) are homogeneous. Thus, scaling the ordinate by a constant factor would not induce any change in the RBF index.


Figure 6. Processes for special case. (a) the zigzag processes; (b) the sine/cosine processes; (c) similar processes with different scale of ordinates.
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Moving average disposal can be used to reduce process fluctuations. As the length of a moving segment (s) increases, the disposed process becomes flatter. When s equals the length of the entire process (N), the disposed process becomes a horizontal line, which has no fluctuation. In this study, various segment lengths, from 2 to N, were employed. To maintain the length of the disposed process same, the head and tail of the process were connected. If s = 3, for example, the first data point of the disposed process was determined by averaging the first three data points of the original process, and the last data point of the disposed process was calculated by averaging the last and first two data points of the original process. With a random process shown in Figure 7a (its ordinate value ranging from 0 to 1, N = 100), the results of the four indices are shown in Figure 7b,c. In these results, the trends are similar for all of the indices, which all exhibit rapid decreases initially and gradual declines towards the end. Thus, the quantification of the fluctuation reduction caused by moving average disposal is similar for the MWF index and for the other three indices.


Figure 7. Comparison of indices with different moving average disposals. (a) a random process with 100 data points and its ordinates range from 0 to 1; (b) the RBF or SD indices of disposed process with segment length ranging from 2 to N; (c) the FOD or MWF indices of disposed process with segment length ranging from 2 to N.
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Performing the process a second time would double the fluctuations. Therefore, there is a linear relationship between the number of repetitions and the fluctuation of a process. The indices obtained for a random process (solid line in Figure 6c) with several repetitions {1, 2, 3, 4, 5, 6, 7, 8, 9, 10} are displayed in Figure 8. The SD and RBF indices remain constant, while the FOD and MWF indices increase linearly with the number of repetitions. Thus, the SD and RBF indices do not reflect the repeating fluctuations, while the FOD and MWF do.


Figure 8. Comparison of indices with different numbers of repetitions.
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To fully determine the capabilities of the different indices, a random process (the ordinate values ranging from 0 to 1, corresponding to the solid line in Figure 6c was investigated using different zoom patterns. It is obvious that using a larger zoom for the abscissa with a fixed ordinate makes the process flatter and the fluctuation index of the process smaller, while using a larger zoom for the ordinate with a fixed abscissa makes it sharper and its fluctuation index larger. Moreover, a larger zoom for both the abscissa and the ordinate does not lead to any change in the geometric shape but does lead to quantitative increases, and the value of fluctuation index becomes larger too. A flatter process should yield a smaller fluctuation index, while a sharper process should yield a larger fluctuation index. In view of this, the MWF index was investigated to verify whether it would meet this expectation. The zoom pattern used for scaling was a 19 × 19 matrix, and zoom values of the abscissa and ordinate are {0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10}. During the zoom operation, the process resolution was kept for comparison at same boundary. The results are shown in Figure 9. The MWF index matches with the change in fluctuation under various zoom patterns, as in the preceding discussion, while this is not the case with the other three indices. There are no changes in the FOD and SD indices when the abscissa zoom is changed, while the RBF index does not change when the ordinate zoom is changed. Thus, since the process analyzed in this comparison was random and the relationship between the zoom and fluctuation is universal, it can be concluded that the MWF index is superior to the other three indices.


Figure 9. Comparison of indices with different zoom patterns. (a) the FOD index; (b) the SD index; (c) the RBF index; (d) the MWF index.
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In order to investigate the abilities of the indices to describe wind speed and runoff processes, these processes were analyzed. The wind speed process function displayed in Figure 3 was transformed into a 24 × n matrix, with the ith column showing the process of wind speed of the ith day. By superimposing the previous i columns in this matrix and calculating the mean value, a wind speed overlay matrix was obtained. As it is a natural phenomenon, wind exhibits diel alternation. With increasing i, the ith column of the wind speed overlay matrix should approach the natural diel alternation of wind. In other words, its fluctuation should gradually tend towards to a certain value. In this study, we calculated the fluctuations of 30 years of wind speed data, and the results are displayed in Figure 10. Initially, the fluctuation index oscillates due to the random nature of wind. However, as i increases, the diel alternation becomes more apparent, and the index variations decrease. This tendency matches with the abovementioned natural characteristic of wind.


Figure 10. Comparison of indices obtained using overlay wind speed matrix. The symbol i is the column number of the overlay wind speed matrix. (a) the FOD index; (b) the SD index; (c) the RBF index; (d) the MWF index.
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As for runoff, runoff regularly fluctuates on an annual basis. Thus, in multiple year process of runoff, the same oscillations should be found. In this study, the runoff process (shown in Figure 2) was transformed into a 365 × n matrix, where the runoff occurring on 29 February of each leap year was ignored for the convenience of overlay disposal.



The fluctuations of the indices calculated using the runoff overlay matrix are shown in Figure 11. The SD and MWF indices clearly oscillate, but only minor oscillations can be seen in the values of the FOD and RBF indices. Thus, in this runoff case study, the MWF and SD indices could detect the oscillations and are therefore more sensitive for describing fluctuations.


Figure 11. Comparison of indices obtained using overlay runoff matrix. The symbol i is the column number of the overlay runoff matrix. (a) the FOD index; (b) the SD index; (c) the RBF index; (d) the MWF index.



[image: Energies 09 00114 g011 1024]






The above comparisons performed using diverse processes and various disposals confirm the ability of the MWF index to characterize process fluctuations. The results are extracted and displayed in Table 2. When dealing with the process by moving average, repeating, or overlay disposal, the MWF index performs comparably to the other indices, while dealing with the process by zooming disposal, it displays superiority on capturing the fluctuation characteristics by taking both quantitative and contour variations into consideration. Therefore, the MWF index is more appropriate for quantifying process fluctuations.


Table 2. Comparison of index performances in various disposal.


	Disposal
	FOD
	SD
	RBF
	MWF





	moving average
	★
	★
	★
	★



	repeating
	★
	△
	△
	★



	zoom
	△
	△
	△
	★



	overlay of wind speed
	★
	★
	★
	★



	overlay of runoff
	△
	★
	△
	★







The symbol ★ indicates that the index could quantify the fluctuations, and △ indicates that the index could not.









3.2. Combined Output of Wind Power and Hydropower


The fluctuation of the combined output of wind power and hydropower is the primary factor that reflects the compensation of hydropower. The less the combined output fluctuation, the greater the contribution of hydropower. A model for minimizing the combined output fluctuation was built based on a virtual system consisting of one wind farm and one hydropower station. The virtual system is a standalone hydro-wind power system, which facilitates analyzing the compensation of hydropower.



The functions related to the object of model are as follows:


[image: there is no content]



(6)
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(7)
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(8)
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(9)




where FMWF represents the combined output fluctuation; Pco is the combined process output, which consists of data points whose coordinates are t(i) and pco(i); pco(i) is the combined output in period t(i); i is the sequential number of data points; N is the total number of data points; [image: there is no content] is the mean of the pco(i) series; θ(i) is the ith rotation angle between the ith and i+1th segments of Pco; and ki is the slope of the ith segment.



Equations (6)–(9) are subject to the following constraints:


[image: there is no content]



(10)
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(11)
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(12)
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(13)
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(14)




where pw(i) is the wind farm output in period t(i); ω(i) is the wind speed, f[ω(i)] is the relationship between ω(i) and pw(i); ωcut-in and ωcut-out are the cut-in and cut-out wind speeds of a wind turbine, respectively; pk(i) is the dispatched hydropower output in period t(i); λ(i) is the portion of hydropower output that could be combined with pw(i); [image: there is no content] is the maximum hydropower output; [image: there is no content] is the hydropower capacity, [image: there is no content] is the hydro-energy of the runoff; η is the hydropower output power coefficient; q(i) is the runoff in period t(i); and h is the water head of hydropower.



The wind power output is unadjustable. Thus, the fluctuation of the combined output FMWF(Pco) is determined by the dispatched hydropower output, which further depends on [image: there is no content] and [image: there is no content]. When [image: there is no content] is settled, FMWF(Pco) is determined by λ(i). Therefore, if [image: there is no content] is given, there is a corresponding minimum FMWF(Pco) that depends upon the optimal λ(i). The value of [image: there is no content] is limited by the hydropower capacity and available water resources. In this study, a group of hydropower capacities (from small to large) and two water resource scenarios (flood season and dry season) were analyzed. The other parameters in this model were held constant.



The decision variables of the optimization model are λ(i), which range from 0 to 1. i is integer number from 1 to 72. With regard to hydropower, the hydropower output power coefficient, (η), is 8.3 and the water head, (h), is 200 m. As for the wind farm, the relationship between wind speed and output are listed in Table 3. The cut-in and cut-out wind speeds of the wind turbine are 3 m/s and 22 m/s, respectively. The runoff process of hydropower and wind speed process of wind power are displayed in Figure 5. In the case study, the capacity of wind power is 1.5 MW and its generator type is doubly-fed induction generator. The capacity of hydropower ranges from 0.1 to 1.6 MW. The Genetic Algorithm Toolbox of MATLAB (MATLAB R2014a) is used to optimize the combined system of wind power and hydropower.


Table 3. The relationship between wind speed and wind power.


	wind speed (m/s)
	3
	4
	5
	6
	7



	wind power (MW)
	0.03
	0.09
	0.18
	0.32
	0.52



	wind speed (m/s)
	8
	9
	10
	11
	22



	wind power (MW)
	0.78
	1.09
	1.42
	1.5
	1.5









The results are displayed in Table 4 and Figure 12, Figure 13 and Figure 14. As shown, when [image: there is no content] increases, the minimum FMWF(Pco) value decreases. When [image: there is no content] is small, a small increase in [image: there is no content] causes a notable decrease in the minimum FMWF(Pco) value; however, when [image: there is no content] is large, with the same small increase in [image: there is no content], the effect is less.


Figure 12. Combined power fluctuation index vs. hydropower capacity in different water resource conditions.



[image: Energies 09 00114 g012 1024]





Figure 13. Combined output with different hydropower capacities in dry season. (a) the combined output with hydropower capacities of 0.1 MW; (b) the combined output with hydropower capacities of 0.2 MW; …; (p) the combined output with hydropower capacities of 1.6 MW.
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Figure 14. Combined output with different hydropower capacities in flood season. (a) the combined output with hydropower capacities of 0.1 MW; (b) the combined output with hydropower capacities of 0.2 MW; …; (p) the combined output with hydropower capacities of 1.6 MW.
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Table 4. Minimum FMWF(Pco) values corresponding to various hydropower capacity and water resource constraints.



	
Hydropower Capacity (MW)

	
0.1

	
0.2

	
0.3

	
0.4

	
0.5

	
0.6

	
0.7

	
0.8




	
Minimum [image: there is no content]

	
Flood Season

	
6.13

	
3.74

	
2.41

	
1.71

	
1.20

	
0.8

	
0.52

	
0.34




	
Dry Season

	
6.84

	
4.84

	
3.35

	
2.53

	
2.22

	
2.02

	
1.85

	
1.78




	
Hydropower Capacity (MW)

	
0.9

	
1

	
1.1

	
1.2

	
1.3

	
1.4

	
1.5

	
1.6




	
Minimum [image: there is no content]

	
Flood season

	
0.22

	
0.15

	
0.07

	
0.04

	
0

	
0

	
0

	
0




	
Dry season

	
1.78

	
1.74

	
1.74

	
1.74

	
1.74

	
1.74

	
1.74

	
1.74










This observation is in accordance with the discipline that with limitation of hydro-energy utilization rate the compensation of hydropower becomes bigger but slower when [image: there is no content] is increasing. In the dry season, the minimum FMWF(Pco) value could not be reduced to zero (as shown in Figure 13i–p), while in the flood season, the hydropower could fully transform the combined output into a constant output that had no fluctuation (as shown in Figure 14o–p). These results match with the mechanism of hydro-wind systems. As is well known, the ability of hydropower to compensate for wind power fluctuations is limited by the hydropower capacity and water resources, and without those limitations the fluctuations could be completely eliminated. From this case study, it can be seen that it is appropriate to apply the MWF index in quantifying the combined output of wind power and hydropower.





4. Conclusions


Indices describing process fluctuations have applications in many fields, especially in evaluating the ability of hydropower to compensate for the intermittency of wind power output. These indices are classified as quantitative or contour. In this investigation, a case study was performed, illustrating that the presently used indices cannot detect the fluctuations of special processes (zigzag and sine/cosine processes) or of processes with different zooms or numbers of repetitions. A new index that employs the SD and rotation angle was proposed herein to quantify fluctuations. The suggested index was tested by applying it to diverse processes and using various disposals. With disposal of moving average, repeating and overlaying, the new index was found to characterize the fluctuations comparably to the FOD, SD, and RBF indices. With zooming disposal, the new index exhibited a superior ability to reflect the fluctuation characteristics by taking both quantitative and contour variations into consideration. This index was then applied to quantify the fluctuation of a hydro-wind system. The results corresponded to the expected combined output fluctuations in various situations. This research indicates that when compared with the FOD, SD, and RBF indices, the MWF index proposed in this paper can better quantify process fluctuations. The index presented in this paper provides a new method to characterize the output fluctuations of hydro-wind system. In future research, this fluctuation index will be applied to analyze more complex power system and more diverse processes.
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