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Abstract: In China, with the increasing permeability of wind power, the power supply capacity is
enough overall, but has shortage in partial-time. During peak hours, the capability of wind power
consumption is poor and the power balance becomes more difficult. In order to maximize the utiliza-
tion of wind power, the net loads are chosen as the response objectives, which contain significant
uncertainties and have no probabilistic distribution characteristics. Under the traditional day-ahead
power dispatch mode with fixed length time intervals and in the regions with insufficient hydro-
electricity, the thermal generators take charge of the peak-load shaving. The frequent adjustments
of thermal power output affect the system operation safety, economic benefits, and environmental
benefits. Thus, a time-interval-varying optimal power dispatch strategy based on net load time-series
characteristics is proposed in this paper. The net loads respond differently to intervals. The length of
each time interval is determined based on the net load time-series characteristics analyzed by random
matrix theory. The dispatch mode in each time interval is determined according to the characteristic
quantification index calculated by the empirical modal decomposition and sample entropy. The
proposed strategy and method can extend the continuous and stable operation time of the thermal
generators, reduce the coal consumption caused by the ramping operation, and improve the safety,
stability, and economy of the system. Furthermore, the proposed dispatch mode is environmentally
friendly with reduced environmental cost and increased carbon credits. An actual provincial power
grid in northeast China is taken as the example to verify the rationality and effectiveness of the
proposed method and strategy.

Keywords: carbon credit; net load; power system optimization; renewable power consumption;
time-interval-varying optimal power dispatch; wind power

1. Induction

With the rapid development of wind power and the transformation of energy structure,
the new energy development targets provided in the National Energy Administration ‘14th
five-year’ power planning work are beginning to be met in China. The targets contain
the improvement of power safety guarantee capability, promotion of structural reform on
power supply side, development of the traditional power generators, and the improvement
of overall power system efficiency [1]. In the areas with poor water resources, the high
penetration of wind power access to the power grid will cause difficulty in the power
balance control, owing to the difficulty in wind power consumption during peak hours [2].

In the traditional day-ahead power dispatch with wind power, there are strong un-
certainties in the system. Under the fixed number and length time-scale power dispatch
mode, the power generators need to respond to the load demands and uncertainties every
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15 min, half-hour, or 1 h [3,4]. However, the adjustments of thermal power output con-
cern increasing or decreasing air inflow, coal consumption, and many other mechanical
operations. Thus, the frequent changes of the thermal power output cause adjustments of
boiler steam pressure and temperature, which bring about mechanical loss, thermal fatigue,
and vibration fatigue [5,6]. Meanwhile, carbon emissions are an important concern in the
power system operation due to the threats of global warming [7]. The concept of carbon
neutrality was first put forward in the Seventy-Fifth United Nations General Assembly
in September 2020. The report states that the carbon dioxide emissions will reach a peak
value in 2030 and carbon neutrality will be realized in 2060 [8]. One ton of carbon dioxide
emission avoided or reduced can obtain one carbon credit, which can be traded between
governments and enterprises. The carbon dioxide reduction capacity has become one of
the assessment factors of an enterprise or a government. The traditional power dispatch
modes are not suitable for today’s power system energy structure and power balance
demands. In order to improve the renewable energy response capability and reduce the
emissions produced by traditional thermal generators, experts and scholars have made
numerous studies.

With high proportion wind power connected to the power grid, the system contains
strong uncertainties. In order to ensure the response ability of the generators, the ramping
operation capacity and time-scale cooperation are of great importance [9]. In [10], the
uncertainties of renewable power are considered in two time scales, day-ahead and intra-
day. Further, in [11], considering the operation characteristics of flexible loads, conventional
generators and wind power, a coordinated dispatch strategy among three time scales: day-
ahead, intra-day, and real time, is proposed. In [12], the authors state that the shorter
the time interval, the more accurate the renewable energy information is. On this basis,
in [13], the ramping capacity for different time scales is studied and provides the generator
ramping constraints in a subhour time scale to improve the response ability of the system.
However, from the time-scale perspective, most of the research combines the day-ahead,
intra-day, and real time and further to determine the dispatch strategy, in which the time
length in each time scale is still the same. There are fewer studies on the time division
according to the net load data adaptively and the existing methods have subjective factors.
An objective and flexible dispatch time-interval division method is urgently needed.

In addition, due to the uncertainties of wind power and convention loads, the net
loads have strong uncertainties and nonprobability distribution characteristics. Thus, from
the perspective of data information, sample entropy (SampEn) can be used to analyze the
complexities [14]. However, the research in this paper has some limits and analysis results
are easily influenced by noise. In [15], empirical mode decomposition (EMD) and fuzzy
entropy are combined to analyze the complexities of time series, which can extract the local
features, but are not suitable to the time series with strong volatilities. In [16,17], the time-
series analysis methods, such as the Markov chain model, are utilized to conduct real-time
monitoring of time-series uncertainties. This research has provided methods and theories in
net load characteristic analysis. However, the time-series characteristic quantification index
calculation and the subsequent division need further studies. Currently, big data technology
has been applied to power system analysis. As a data analysis technology, the random
matrix theory (RMT) [18,19] has been utilized in static stability analysis [20], transient
stability analysis [21], fault identification [22], among others. The data dependency [23]
and randomness [24] can be analyzed by RMT. Thus, it can be seen from these studies that
RMT can recognize the changing volatility and stability of data.

With the development of power systems, data information has been an important
influencing factor. However, how to apply the data information to the power system’s
optimal operation reasonably and efficiently is a technological difficulty. Especially under
the target of zero wind curtailment, net loads have strong uncertainties. A new flexible
and adaptable dispatch strategy-making method is urgently needed and we propose new
methods aiming at these technological gaps. In this paper, we improve the traditional
power dispatch mode. Facing a high proportion of wind power, the net loads are the
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response objectives that are used to achieve zero wind curtailment. The RMT is used to
analyze the net load stability and assist with the time interval division. The EMD is used to
extract the overall changing trend and SampEn is used to calculate the complexity of each
net load subsequence. The characteristic quantification index is calculated by the EMD and
SampEn. Further, a time-interval-varying optimal power dispatch model is built, which can
achieve the continuous and stable operation of thermal generators and the participation
improvement of energy storage systems. An actual provincial power grid is developed to
prove the safety, stability, economy, and environmental friendliness.

2. Time-Series Characteristics Analysis of Net Loads Based on RMT

The random matrix is composed of random variables. When the number of the matrix
rows and columns approach infinity and the ratio of row number to column number is
constant, the empirical spectral distribution (ESD) is convergent to the limiting spectral
distribution (LSD). The ESD can be formulated as follows:

(A < x) )

Z| =
=

I
—_

FA(x) =

1

where A isa N x N random matrix; /\IA is the eigenvalue of A;i =1,2,...,N; FA(x) is the
probability of the eigenvalue satisfying the constraints of LSD.

2.1. Monocyclic Theorem and the Calculation of the Mean Spectral Radius (MSR)
In this paper, the monocyclic theorem is chosen as the LSD [25]. A non-Hermitian

matrix formulated as X = {xl- is built, in which all the elements are the random

'j } NW X TW
variables with independent identical distributions. In this matrix, the expectation is 0 and

the variance is 1. For the matrix X;(i = 1,...,L) that contains multiple non-Hermitian
matrixes, their matrix products should be calculated as follows:

L ~
Z = qu,i (2)

where X,,; € CNwxNw s the singular value matrix of X; and C is the set of the com-

plex number; Z = {;, j} is the standardization of Z, where E (El i) = 0 and
g NW><NW g
E(’Ei,j 2) = 1/Nw. When Nw, Ty — o0 and ¢ = Nw/Tw € (0, 1] is constant, the eigenval-

ues of Z are distributed between two loops of the monocyclic theorem complex plane [23].
The corresponding probability density function can be formulated as follows:

2 L
f(A)_{ LB - 0f <yl <1 ®
0, others
where the radius of the inner loop is (1 — c)L /2 and the radius of the outer loop is 1. The
inner and outer loop distributed figure of the monocyclic theorem is shown in Figure 1.
The MSR [21] is a common statistic of linear eigenvalue and often used in the RMT to
describe the distribution of the eigenvalue. According to the monocyclic theorem, MSR is
the distance of an eigenvalue to the origin in the complex plane, which can be shown in
Equation (4):

1 N
KMSR:NZMH,TI:LZ,...,N )
n=1

where the Kjsg is the MSR and A, is the nth eigenvalue.
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Figure 1. The inner and outer loop distributed figure of the monocyclic theorem.

2.2. Time Interval Division Method of Net Load

Data fluctuation characteristic can be analyzed by RMT. The time series of conventional
load can be shown as {L(t)} = {I(1),1(2),...,1(T)} and the time series of uncertainty
power generation can be expressed as {W(t)} = {w(1),w(2),...,w(t)}; thus, the net load
time series can be shown as { NL(t)} = {nl(1),nl(2),...,nl(T)} where nl(t) = I(t) — w(t)
and T is the total number of time intervals. The data of net load are influenced by the
weather, date, social conditions, and many other factors. Thus, the data contain strong
uncertainties, owing to which the high signal-to-noise ratio noise is selected to reduce
the effects of net load fluctuation within a narrow range. The net load matrix with high
signal-to-noise ratio can be formulated as Equation (5):

NLE(i) = NL(i) + K x N(i) (5)

where the NLH (i) € CMw*Tw is the matrix with high signal-to-noise ratio; NL(i) € CNw>*Tw
is the net load matrix; k! is the high signal-to-noise ratio; N(i) € CNw*TW is the noise
matrix satisfying the standard normal distribution; and Ny x Ty is the size of sliding time
window utilized to generate the net load matrix.

The MSR shows positive correlation with the data stability. The time division method
of the net load time series based on high signal-to-noise ratio matrix is as follows: Firstly,
calculate the stable value w and the stability threshold dysg. When the variation amplitude
of MSR is larger than Jyisg, the data stability starts to change. Secondly, look for points
Aj, which are the initial dropping points of MSR from the stable value w. A; are the first
kind of subsection points. Thirdly, if the MSR after A; cannot back up to w £ dyisg, the
corresponding time intervals are regarded as fluctuation data segments until the MSR back
up to w =+ dysr. At this time, all the data in the data window are stable and the first point
that begins to stabilize is the key point. These kinds of points are the minimum points
before MSR backs up to stability range, and they are called the second kind of subsection
points and expressed as B;.

The schematic diagram of net load time division based on MSR is shown in Figure 2
and the flow chart is shown in Figure 3.
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Figure 2. Schematic diagram of net load time division based on MSR.
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Figure 3. Flow chart of dispatch time division based on RMT.

3. Quantification of Net Load Time-Series Characteristics
3.1. Numerical Characteristic Analysis Based on EMD

Time (h)

The EMD is an adaptive signal time—frequency processing method, which is suitable
for nonlinear and nonstationary signal analysis. In EMD, the original signal is decomposed
into many narrow-band components and each component is called an intrinsic mode

function (IMF). The calculation steps of EMD follow:

(1)  Extract the maximum points and their fitting envelope curve eyp(t) of the original

time series nl(t);

(2) Extract the minimum points and their fitting envelope curve ey, (t);
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(3) Calculate the average value ¢(t) of the up- and low-fitting envelope curves; which

can be calculated as
E(t) _ eup(t) ";elow(t) 6)

(4) Update the net load time series with the equation nl’(t) = nl(t) — e(t), and repeat
Step (1) until the nl’(t) satisfies the constraints of IMF. The IMF has two constraints,
the first is the numerical difference between the extreme points number and zero
crossing points number, which is not more than 1; the second is that at any point the
average value of the up- and low-fitting envelope curves is 0. The nl’;(#) is the first
IMF component that contains the highest frequency components.

(5) Extract the component nl’1 (t) of IMF from the original signal nl(t), and the remaining
components are formulated as rl1(t) = nl(t) — nl'y(t).

(6)  Set the remaining components rl; () as the new original signal and repeat the steps
above. The other components of IMF and a margin can be achieved, which can be

shown as follows:
rly(t) —nl'y(t) = rlp(t)

rla(t) —nl'3(t) = rl5(t)
rl3(t) — nl'y(t) = rly(t) ?)

iy (1) — il (8) = rlx(8)

N
Thus, the original signal can be formulated as nl(t) = Y. nl’;(t) + riy(t). When the
i=1

Nth component nl’y (t) or its margin rly is less than the presetting value, the decomposition
process of EMD is finished. Otherwise, when the margin is a monotone function or a
constant, the decomposition process of EMD is finished as well.

The curve of net loads can reflect their changing tendency and the changing direction
changes after the extreme points. Figure 4 shows the original net loads of a provincial
power grid in northeast China, and the curve with noise reduction based on EMD. In the
original net load curve, there are more fluctuations within the narrow range generating
many extreme points, which make following the curve analysis difficult and affect the
analysis efficiency.

700

500
400
300
200
2500 100 — Original Data
0 — Data with noise reduction

2000

o~

1500

1000

Power (MW

500

1 2 3 4 6 7 8 9 11 12 13 14 16 17 18 19 21 22 23 24
Time (h)

Figure 4. Comparison diagram of the net load with noise reduction and the original curve.

The net load curves decomposed through EMD are shown in Figure 5, in which the
plots show high frequency components, medium frequency components, low frequency
components, and margin. To reduce the noise of the curve, the high frequency component,
the margin, is removed and the remaining components, IMF1 to IMF4, are added as the
noise-reduced net load curve, shown in Figure 4 in red. Compared with the original curve
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in dark blue, shown in Figure 4, the noise-reduced net load curve maintains the changing
trends of the original, and fluctuations are weakened within a narrow range.

50 IMF1
g
E 0
E
2 50
o
z
-100
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82 85 88 91 94
Time (15 minutes)
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£ 200
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-600
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E 1500
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= 1000
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s 500
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Time (15 minutes)
Figure 5. The IMF components and margin of the net load.

3.2. Numerical Characteristic Calculation

The slope symbol of the adjacent points can reflect the changing direction of the net
loads. In a period, if the net loads have monotonous changing tendency, the slope symbol
of the adjacent points is the same. If the slope symbol of the adjacent points is plus or
minus, the net loads have a fluctuated changing tendency. Thus, the ratio of slope symbol
changing times to the data length can reflect the numerical fluctuation of the net loads. The
calculation process is shown in Figure 6.

In this section, Sy is the slope of the adjacent points, where S (1) = nl(I +1) — nl(l).
If the symbol of Sy is plus, the net load presents an increasing trend and reducing trend
conversely. The same and different symbol of the adjacent Sy can be presented by 0 and
1, respectively, and the symbol vector sym°N = {sym°N} is achieved. The ratio of slope
symbol changing times to the data length, R°N, can be calculated in Equation (8):

Nl g
L symyy
RSN k=1

Lk = 8)
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where [ is the starting point of the calculated dataand / = 1,2,..., N — 1; k is the length of
the calculated dataand k = 1,2,..., N — I; N is the total number of the net loads.

" Stat

» Calculate Rf)i "

End

Figure 6. Calculation process of the ratio of slope symbol variation to data length.

3.3. Net Load Complexity Calculation

In this paper, the sample entropy (SampEn) proposed by Richman [26,27] is utilized
to calculate the complexity of the net load time series. The numerical value of SampEn
is in proportion to the net load complexities. The more complex the net loads, the larger
the SampEn and vice versa [28]. Based on the SampEn, the complexity calculation of the
divided net load subseries is shown in Equation (9):

Count(DN;;?N (Ln() LN () <rN)

m
ANlj\I (rN) = TN—T1N
N TN—mN—H m
Apvg(N) = L AN (rn) | /(T —mn +1) ©)
SN — i (AN (ry) /AR (1)
N - n Avg N Avg\'N
where 6} NN s the complexity of the time series; my is the dimension of subsequence;

Tn is the length of the net load subseries; i,j € {1,2,..., Ty —mN + 1}, in which i # j;
DN:?N (Ln(7), Ln(f)) is the maximum distance of Ly (i) and Ly(j); and rnp means the
tolerance level and is set at 0.2 times the standard deviation of the time series.

3.4. Quantification of the Net Load Time-Series Characteristics

In this paper, we consider both the numerical characteristic and the complexity of the
net loads equally important. The mean value is taken as the quantitative index, which is
expressed as ¢, and T is the number of time intervals. The calculation process follows:

(1) Decompose the net load curve based on EMD and extract the noise reduction curve
with the high frequency component reduction.

(2) Analyze the numerical characteristic of the net load curve and calculate the ratio of
slope symbol changing time to the data length.

(3) Based on the net load time division results, calculate the complexity of the net load
subsequence with SampEn.

(4) Synthesize the time division results, numerical characteristic, and complexity; the
quantitative index ¢, is calculated.
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4. Time-Interval-Varying Optimal Power Dispatch Model
4.1. Time-Interval-Varying Optimal Power Dispatch Strategqy Description

The ¢ index reflects the fluctuation and complexity of the net load subseries. The
larger ¢ is, the more fluctuant and complex it is. Conversely, the smaller ¢ is, the more
obvious the increase and decrease trend and the less complex it is. The large or small
thresholds of ¢ are expressed by ¢ and it always is the mean value. However, if there are
order of magnitude differences among different ¢, the order of magnitude is preferred as
the ¢. If ¢, > ¢ during time 7, the variations of changing direction are more and there is no
obvious changing tendency. Thus, in this time interval, the traditional thermal generators
ensure continuous and stable operation and the pumped storage and battery energy storage
cooperated to assist to achieve power balance. If ¢, < 7, the changing direction variations
are less and there is obvious increasing or decreasing tendency of the net loads. Thus,
in order to respond to the continue increase or decrease of the net loads during time 7,
the power outputs of the traditional thermal generator need to ramp up and down and
cooperate with the pumped storage and battery energy storage (BES) to achieve power
balance. The thermal operation mode in the proposed time-interval-varying optimal power
dispatch strategy is shown in Equations (10)—(12).

G

Z b= Pcht+Pd1st+ZPPSht ZPPSht Lyt =0 (10)
p= h= h=1

Pp,tf - Pp,t/t S (tT/ tT+1)/ (PT 2 é (11)

PN < P, < PPN E (br,tegn), fr < G (12)

where Py ; is the power output of the pth thermal generator; P;,m“ and P;*** are the minimum
and maximum power of the pth thermal generator, respectively; G is the number of
controllable generators; H is the number of the pumped storage; Pl% 5+ 18 the generating

power of the pumped storage; Ppg , ; is the pumping power of the pumped storage; P5 |

G
and PClls ; are the charging and discharging power of the BES; Z Pyt is the power outputs
p_

of thermal generators; and Z S e and Z PPS i+ are the generating power and pumping

power of the pumped storage, respectlvely LN ¢ is the netload at time t; P ; is the traditional
load at time f; ¢ is starting point of the net load subsequence during time interval ; t41 is
the ending point of the net load subsequence during time interval 7, that is, the starting
point of the net load subsequence during time interval T + 1; and At is the length of the Tth
net load subsequence. Furthermore, in order to ensure the power output consecutiveness
of the thermal generator during each time interval, the power outputs at the starting and
ending time points during the adjacent periods should be the same, that is, Py, = Pp s, +at,-

4.2. Time-Interval-Varying Optimal Power Dispatch Model
4.2.1. Objective Functions

The objective functions in the proposed power dispatch strategy are the operation cost
of the thermal generators ftyy, the operation cost of the pumped storage fps, the ramping
operation cost of the thermal generators frp, and the environmental cost fgN caused by the
ramping operation of the thermal generators, which include the emissions of sulfur dioxide
(50,), oxynitride (NOx), carbon dioxide (CO;), and smoke dust. The equations follow:

T G

fmn = ZZ("‘PXP;%JJF/%XPPJJFW) (13)

t=1p
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L » P G —
fos =YY (cps X Sps + cfs X Sps) + Z CBS X SpSrer1) (14)
P =1
G
fre = 2 U x Z URU 2 D % Z DRD (15)
p=1 p=1
T G
fin=0).) P, (16)
t=1 p

where the T is the total number of time intervals; a,, B, and 1y, are the cost coefficients of
the thermal generator p; chs, ¢S, and cbS are the cost coefficients of the pumped storage,
which correspond to the pumping state Shg, generating state SIC);S, and status switching
SEC. . 1, respectively; pr{U and pr{D are the ramping up and down cost coefficients of thermal

generators; o is the environmental cost coefficient vector; and U},{U = max(Pyt — Py 1,0)

and D]I;D = max(Py;_1 — Pp4,0) are the ramping up and down power outputs of the

thermal generator, respectively.

4.2.2. Constraints of the Dispatch Model
Power Balance Constraints

The power balance constraints are shown in Equations (10) and (17):
_ pre pre
LN,t*PL,t_(Z‘HPth—’_ZlPSSt (17)
w= 5=

where the Pl »,¢ 18 the predicted wind power; W is the total number of wind farms; PYY is
the predlcted photovoltalc power; and S is the total number of photovoltaic power plants.

Constraints of Thermal Power Outputs

The thermal power output constraints are shown in Equation (18):

ZPP, cht dlst+z PSht Z PSht —Lnt=0

<PT >0 Ppp. = Ppy
¢r < {: PN < P, < pmax

Pp,t'r = PprtT+AtT

(18)
G UR W pre UR
Pre Y PSR > ¥ (PR, - Pw,w,t)+2 PSgro=p

=1 w=1 si=1

Prl ¥ POR > 5 (P — PR )+Z
r ptr=s s \I'W,w,t W,w,t y Sst p

UR : max
Pp,t < min Pp —Pp,t,RUp

DR : min
Pp/t <min(Py; — Pp ,RDp

where t € (tr, T+1) Rllp, and RDP are the upper and lower limit of the thermal ramp
power, respectively; p is the confidence; Py ¢ is the actual wind power output; P Rand
PDR are the up and down reserve power of the thermal generator; and PUR and PS st
are the up and down reserve power of the photovoltaic. Based on [29], the tlme scale of
photovoltaic fluctuation is always 5 min; thus, in the proposed day-ahead power dispatch

strategy, the up and down reserve power of the photovoltaic is 5% of the predicted power.
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The probabilistic model with uncertain variables in Equation (18) is solved by the chance
constraint and fractile in probability theory [30].

Constraints of the Pumped Storage

The constraints of pumped storage are shown in Equation (19):

G,min G G,max
PPS,h S PPS,h,t S PPS,h

P,min P P,max
Posy = Pesy < Ppgy

_ p G
Hy 1 = Hyp + A X (PPS,h,t X P — Pps,h,t/7G> (19)
H™ < Hy, , < H™

S(PII’)S,h,t) ) S(Pl%,h,t) =0

where Pl%f,?in and Pl%fgax are the upper and lower limit of pumped storage generating
power, respectively; Pllj)é%m and Pll,)éﬁax are the upper and lower limit of the pumped storage
pumping power, respectively; H, , is the capacity of the reservoir at time t; H;"* and Hmin
are the upper and lower limit of the capacity, respectively; and yp and 7y are the generating
and pumping efficiency of the pumped storage.

Constraints of BES

The constraints of BES are shown in Equation (20):

SOCBmin < 50CP < sOCBmax

B (20)

_ 7 B B
ECap,t - ECap,tfl - Pdis,t/;?dis X At

B _ rB B B
ECapt - ECap,t—l + Pch,t X ﬂch x At

B _ rB B,R
SOCt - ECap,t/ECap

where SOC F’mm and S OCP’maX are the minimum and maximum state of charge, respectively;

SOCP is the state of charge at time f; E(Biap,l and Egap/T are the capacity at the starting and
ending time interval, respectively; P% , and P,
of BES at time ¢, respectively; Egﬁ) is the related capacity of the BES; 72, and 75, are the

discharging and charging efficiency of BES; and At is the time interval.

are the charging and discharging power

4.3. The Solving Algorithm and Process

The solving algorithm and process of the proposed time-interval-varying optimal
power dispatch model are shown in Figure 7.

Firstly, the conventional loads, wind power, and photovoltaic are predicted and the net
loads are achieved. Secondly, based on the RMT, the net loads are divided according to their
characteristics and the time-series characteristics are quantified through EMD and SampEn.
Thirdly, based on the quantified indexes, the operation modes of thermal generators and
energy storages are determined and the time-interval-varying optimal power dispatch
model is built. Finally, the primal-dual interior point method [31] is chosen to solve the
proposed dispatch model.
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Figure 7. Algorithm and flow chart for solving the time-interval-varying power dispatch model.

An actual provincial power grid in 2019 in northeast China is developed to carry out

the case study. There are 103 thermal plants and the maximum capacity of schedulable ther-
mal power is 26,800 MW. There are 103 wind power plants and the maximum schedulable

capacity is 8594 MW. There is one pumped storage with the maximum schedulable capacity
of 2000 MW. There are 90 photovoltaic plants with the maximum schedulable capacity of
3030 MW. The number of hydraulic power plants is 15 and the total installed capacity is
620.5 MW. There is one nuclear power plant with the installed capacity of 2237.58 MW. The
maximum daily load in 2019 is 34,000 MW; thus, the penetration of renewable energy is
34.19%. The power plants are tallied according to their locations and sizes of capacity; thus,
the capacity data of the thermal power plants are shown in Table 1 and the capacity data of

wind power plants are shown in Table 2.

Table 1. Thermal power installed capacity of the provincial power grid.

Power Plant Number Maximum Capacity (MW)
A 8 2600
B 2 1200
C 4 1400
D 14 1970
E 2 600
F 3 1400
G 6 2400
H 2 1200

I 8 2340
J 8 1700
K 10 2500
L 12 1000
M 4 1300
N 6 790
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Table 1. Cont.

Power Plant Number Maximum Capacity (MW)
(@) 2 600
P 4 500
Q 4 1900
R 2 700
S 2 700
Total 103 26,800

Table 2. Wind power installed capacity of the provincial power grid.

Power Plant Number Maximum Capacity (MW)
Wi 1238 1238
W2 1915 1915
W3 1504 1504
W4 2336 2336
W5 1601 1601

The operation costs of wind power, photovoltaic, nuclear power, and pumped storage
are ignored. The nuclear power plant operates at a constant power supply status. The
cost coefficients of the reserve power and the ramping power are both 100 CNY/MW. The
capacity of battery energy storage in this province is 1000 MW. The net load curve of the
provincial power system is shown in Figure 8.

26,000
25,000
24,000

23,000

Net Load (MW)

22,000

21,000

1 23 45 6 7 8 910111213 141516 17 18 19 20 21 22 23 24
Time (hour)

Figure 8. Net load curve of the provincial power system.

5.2. Time-Series Characteristic of the Provincial Net Load
5.2.1. Time Division Based RMT

The actual net load on 20 April 2019 in the provincial power gird is analyzed. The net
load curve, the MSR analysis based on RMT, and the time division results are shown in
Figure 9, where the net loads are divided in five time intervals. When the system is at a
steady state, all the eigenvalues are distributed in the loop and the MSR is a stable value
determined by the number of matrix rows and columns. In this paper, the stable value of
MSR is 0.86 and the stability range is 0.86 & 5%.



Energies 2022, 15, 1582

14 of 23

Net Load (scaling-down)
Noise

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1 23 45 6 7 8 910111213 141516 17 18 19 20 21 22 23 24
Time (hour)

Figure 9. MSR analysis and time division for 20 April.

5.2.2. Characteristic Analysis of the Each Subseries

Based on EMD, we can obtain the net load curve with the noise reduction and its
comparison diagram with the original curve, which is shown in Figure 4. After the noise
reduction by EMD, the numerical and complexity calculation of the net load time series is
shown in Table 3.

Table 3. Time-series characteristic analysis of the net load for 20 April.

Time Interval Starting Time Ending Time RSN Proportion of RN SampEn Proportion of SampEn ¢
1 1 6 0.14 25% 0.18 27% 0.26
2 7 10 0.07 13% 0.07 10% 0.115
3 11 17 0.15 27% 0.30 45% 0.36
4 18 20 0.00 0 0.02 3% 0.015
5 21 24 0.19 35% 0.10 15% 0.25

According to Figure 8, the changing direction of data in the first, third, and fifth time
intervals have frequent variations and the data in the second and fourth time intervals
have obvious changing tendency, which is in accordance with the proportion of RN and
the SampEn proportion in Table 3. According to the RN and SampEn, the time-series
characteristic quantification index ¢ can be achieved and the mean value of ¢ is utilized as
the threshold.

5.3. Time-Interval-Varying Dispatch Results and Benefits Analysis
The case study is conducted for two cases:

Case 1: The provincial power dispatch under the existing conventional dispatch mode;
Case 2: The provincial power dispatch under the proposed time-interval-varying net load
power dispatch mode.

5.3.1. Dispatch Result Analysis of the Two Cases

With the same starting points and operation accuracy, the solution time for Case 1 and
Case 2 is 3467 s (57 min and 47 s) and 4760 s (1 h 19 min and 20 s), respectively. There are
equality constraints of thermal generator operation; thus, the solution time for Case 2 is
longer than that in Case 1. The power output curves of thermal generators in Case 1 and
Case 2 are shown in Figures 10 and 11.



Energies 2022, 15, 1582 15 of 23

25,000 :
Unit19

W Unit18
M Unitl7
Unitl6
I Unitl5
~——— - W Unitl4
[ M Unit13
M Unit12
M Unitl1
W Unit10
M Unit9
M Unit8
M Unit7
M Unit6
M Unit5
M Unit4
W Unit3
12345678 9101112131415161718192021222324 g 17:0n

Time (h) M Unit1

o FEFFFPER
15.000 | E

10,000

/
/ j;/

|

/

/

|

|

|

\

/

Power (MW)

L] L Ll

L i/

A\

|
[

IRV

5.000

Figure 10. The power outputs of thermal generators in Case 1.
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Figure 11. The power outputs of thermal generators in Case 2.

The volatility of each unit can be analyzed by a box plot [32], shown in Figure 12. The
length of the box is positive correlation to the volatility of the data. The volatilities of the
units in Case 1 are more than that in Case 2. The power outputs of pumped storage and
BES in Case 1 and Case 2 are shown in Figures 13 and 14. Their throughput comparisons
are shown in Figure 15.
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Figure 12. Cont.
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(b)

Figure 12. The volatility of the two cases: (a) is Case 1 and (b) is Case 2.
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Figure 13. The power outputs of pumped storage in Case 1 and Case 2.
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Figure 14. The power outputs of BES in Case 1 and Case 2.
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The ramp-up and ramp-down power and their cost for Case 1 and Case 2 are shown
in Figures 16 and 17, respectively.

OCase2 OCasel

| 2761.11
Ramp-down power
3458.56
3469.89
Ramp-up power
3818.86

1000 1500 2000 2500 3000 3500 4000 4500
Power (MW)

Figure 16. The ramp-up and ramp-down power of Case 1 and Case 2.

Case2 1.54

Casel 1.6

1.35 1.4 1.45 L5 1.55 1.6 1.65
Pamp power cost (CNY 10¢)

Figure 17. The ramp power cost of Case 1 and Case 2.
A comparison for Case 1 and Case 2 results is shown in Table 4 and the changing
percentages are given. Under the time-interval-varying power dispatch mode, the ramping

operation of the traditional thermal generators is reduced.

Table 4. Comparison of Case 1 and Case 2 results.

Casel Case 2 Decreasing Percentage in Case 2
Total operation cost (CNY 107) 11.64 11.55 0.77%
Thermal operation cost (CNY 107) 11.48 11.39 0.78%
Ramping power cost (CNY 107) 1.60 1.54 3.75%
Ramp-up power (MW) 3818.86 3469.89 9.14%
Ramp-down power (MW) 3458.56 2761.11 20.17%
Throughput of pumped storage (MW) 2675.16 4949.43 —85.01%
Throughput of BES (MW) 2297.03 2657.82 —15.71%

5.3.2. Environmental Benefit Analysis

The environmental benefit is analyzed in this section and the environmental cost
coefficients are from [14]. The total environmental costs caused by the ramping operation

of the thermal generators are analyzed. The results are shown in Figure 18 and the unit
is kg.
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Figure 18. The emissions of SO,, NOx, smoke dust, CO,, and total environmental costs for each case:
(a) is the environment costs of smoke dust, SO, and NOXx; (b) is the environment costs of CO, and
total emission.

5.4. Case Study Based on the IEEE 39 System
Discussion Based on the Provincial Power System

To further illustrate the effectiveness of the proposed method in this paper, an im-
proved IEEE 39 system [33] utilized to conduct a 96-time-interval power dispatch opti-
mization (a time period duration is 15 min). There is a 700 MW pumped storage, a wind
farm with 1000 MW capacity, a 600 MW photovoltaic plant, and a 500 MW battery energy
storage. The net load of this system is shown in Figure 19. The case study on the IEEE 39
system is conducted for two cases as follows:

Case 3: Power dispatch under the existing conventional dispatch mode;
Case 4: Power dispatch under the proposed time-interval-varying net load power dis-
patch mode.

The power outputs of the thermal generators in Case 3 and Case 4 are shown in
Figures 20 and 21, respectively. The result comparison is shown in Table 5.
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Figure 21. The power outputs of thermal generators in Case 4.
Table 5. Comparison of Case 3 and Case 4 results.
Case 3 Case 4 Decreasing Percentage in Case 3
Total operation cost (CNY 10°) 7.3702 7.3572 0.18%
Thermal operation cost (CNY 10°) 7.2060 7.2075 —0.02%
Ramping power cost (CNY) 11,920.06 10,225.84 16.57%
Ramp-up power (MW) 1046.61 956.84 9.38%
Ramp-down power (MW) 876.13 811.95 7.9%
Throughput of pumped storage (MW) 938.94 1473.88 —36.29%

Throughput of BES (MW) 1381.42 1732.56 —20.27%
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5.5. Discussion
5.5.1. Discussion Based on the Provincial Power System

As Figures 10 and 11 show, in Case 1, Units 14-16 and 19 are the generators with small
capacity and poor peak load regulation capability, thus the power output adjustments are
less. The outputs of the other generators changed frequently according to net loads. Under
the conventional dispatch time division, the thermal power outputs need to be adjusted
each hour. However, in Case 2 under the provided dispatch strategy, the dispatch time
intervals are divided based on the time-series characteristics of the net loads and for the
provincial power grid described above, the conventional day-ahead power dispatch mode
is updated to ”6-3-8-2-5” power dispatch mode. It can be seen in Figure 11, during the 1-6,
10-17, and 20-24 time intervals, the thermal generators are operating at a constant operation
mode. During the 7-9 and 18-19 time intervals, the thermal generators are operating at
a net-load-response operation mode, in which the outputs of thermal generators change
hourly with the value of net load. The power output adjusting time is totally 5 h. The
continuous and stable thermal generating times are 6, 8, and 5 h in the first, third, and
fifth time interval, respectively. As Figure 15 shows, the volatility of thermal generation in
Case 2 is better than that in Case 1, obviously.

As Figures 13 and 14 and Table 4 show, in the optimal power dispatch, the pumped
storage, and BES are used to cooperate with each other to respond to the net loads. In
Case 2, the thermal generators have 19 h of constant power operation, thus the throughput
of pumped storage and BES in Case 2 are more than those in Case 1. The throughput of
pumped storage and BES in Case 2 increased 85.01% and 15.71%, respectively. In Case 2,
owing to the ”6-3-8-2-5” operation mode, the ramping powers of the thermal generators
are reduced. Thus, the ramp-up and ramp-down power in Case 2 are 9.14% and 20.17%
less than those in Case 1, which, moreover, results in a 3.75% ramping operation cost
decrease in Case 2. The participation and utilization efficiency of pumped storage and BES
are increased, which improve the interaction between the energy storages and renewable
power energy. From the perspective of economics, the proposed power dispatch strategy
in this paper optimized the thermal generating behavior according to the time-series
characteristics of net loads. The operation modes of thermal generators with different coal
consumption coefficients are determined and rationalized. Thus, the thermal operation
cost in Case 2 has 0.78% reduction and the total operation cost in Case 2 is 0.77% less than
that in Case 1.

As Figure 18 shows, all the noted emissions provided in Case 2 are less than those
in Case 1; that is, the environmental benefit with time-interval-varying power dispatch
mode is better than the conventional dispatch mode. According to the carbon emission
requirements concept of carbon credit, in Case 2, there are 9.06 tons of carbon dioxide
less than that in Case 1, and 9.06 carbon credits more than Case 1, which demonstrates
that time-interval-varying dispatch mode is in line with international energy development
demands.

5.5.2. Discussion Based on the IEEE 39 System

As Figure 20 shows, the power outputs of thermal generators in Case 3 need to adjust
every 15 min to respond to the net load demand. In Case 4, under the provided dispatch
strategy, the dispatch time intervals are divided based on the time-series characteristics of
the net loads and for the IEEE 39 system; there are 4 h and 6 h 15 min under the constant
generation state.

The results of the two cases are shown in Table 5. As there are two time intervals in
which the thermal generators are at constant generation state in Case 4, the ramp-up and
ramp-down power of thermal generators are reduced 9.38% and 7.9% compared to those in
Case 3. Thus, the ramping cost in Case 4 is 16.57% lower than that in Case 3. In order to
ensure power balance of the system, the power output of pumped storage and BES in Case
4 needs to adjust more frequently than that in Case 3. In Case 4, the thermal generators have
two time intervals operating at constant power output. Thus, the throughput of pumped
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storage and BES are 36.29% and 20.27% larger than those in Case 3. In addition, Case 4
under the provided dispatch strategy can promote the participation of pumped storage
and BESS in the power dispatch to respond to the uncertainties caused by the renewable
power and load. However, it can be seen that the thermal operation cost in Case 4 is 0.02%
larger than that in Case 3. In Case 4, the time interval division results and the time-series
characteristics of net load have increased the operation constraints of thermal generators
and at the same optimization conditions, which make the optimization feasible region with
the objective of thermal generation cost less than that in Case 3. Thus, the optimization
result of thermal generation is 0.02% larger than that in Case 3. The results with the IEEE39
system under 96-time-interval power dispatch have shown that the power dispatch strategy
provided can ensure the operation economy, reduce the ramping operation of thermal
generators, and promote the interaction among renewable power energy, pumped storage,
and BES.

6. Conclusions

In this paper, a time-interval-varying optimal power dispatch method based on the
time-series characteristics of net loads is proposed. In order to achieve zero wind curtail-
ment, which means the maximum utilization of wind power, the wind power has priority
to be consumed by conventional loads. Their differences, called net load, are the response
objectives. A provincial power grid in China is taken as an example; the conclusions follow:

(1) A time-interval-varying power dispatch method is proposed, in which the net load
time-series characteristics are analyzed by the RMT and the time intervals are divided
adaptively. The number and length of the time intervals are determined by net loads
accordingly.

(2) A net load time-series characteristic quantification method is proposed. The net
loads have different characteristics in each time interval. The EMD and SampEn are
combined to analyze the fluctuation and complexity of the net load subsequence.
A comprehensive characteristic quantification index integrated with the numerical
characteristic and complexities is provided. The maximum index can reflect the
fluctuation and complexity of the net loads, which can help with the data-mode fusion
in the dispatch mode determination.

(3) A time-interval-varying power dispatch method is developed to maximize the uti-
lization of the wind power. According to the time division results and quantification
characteristics in each time interval, the operation mode of thermal generators and
energy storage systems are determined.

(4) An actual provincial power grid in northeast China is used to conduct the proposed
method. In Case 2, time is divided into five intervals. The operation mode of thermal
generators is optimized to “6-3-8-2-5” operation mode. There are three time intervals
that can realize steady operation during which the thermal generators have constant
power outputs. Steady operation lasts for 19 h. Benefit from the operation mode is
determined based on the quantification index, the reduction of the ramping operation
of the thermal generators, and the decrease of relative costs. Because of the steady
operation of thermal generators, the interaction between energy storage and wind
power are improved, which is beneficial to resource utilization.

(5) InCase 2, the total operation cost, thermal operation cost, and ramping operation cost
are all reduced. The environmental cost of CO,, NOx, SO,, and smoke dust emissions
is decreased. Further, in Case 2, there are 9.06 fewer tons of carbon dioxide and 9.06
more carbon credits than those in Case 1, which certify the environmental friendliness
of the proposed method and strategy.
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