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Abstract. With the development of distributed generation technology and the requirement of
power system flexibility, the research on multiple flexible resource optimization is carried out.
Based on the traditional optimal configuration of wind-solar-hydro-storage system, this paper
takes electric vehicle into consideration. Firstly, the model of each flexible resource is
established. Then, a comprehensive evaluation index system is built. Taking the flexible
resources in a city on the eastern coast of China as a case, multi-objective grey wolf
optimization algorithm and entropy weight method are applied to do the optimization and
evaluation. The simulation result shows that in the optimal configuration, not only the
renewable resources can be effectively utilized, but also the requirement of load in different
period can be meet. Moreover, the total investment can be greatly reduced. In addition, the
participation of electric vehicles can not only improve the performance of the hybrid system,
but also increase the income of EV holders.

1. Introduction

With the continuous development and maturity of distributed power technology, microgrid and
electric vehicle V2G technology, more and more flexible resources are connected to the power grid,
which improves the flexibility of the power system [1]. At the same time, the optimal allocation of
multi-scale multi-scale flexible resources and the comprehensive evaluation method of matching
degree need to be solved. Flexibility resources are widely distributed in various parts of the power
system "source-network-load-storage" [2]. The narrowly defined flexible resources refer to distributed
power sources on the distribution network side, such as wind turbines, photovoltaics, small
hydropower, etc. Electric vehicles and energy storage devices. This article is only for the narrow sense
of flexibility resources.

For multi-flexible resource generation systems, most of the existing research focuses on power
modeling, optimization simulation and evaluation of two- or three-dimensional flexible resources such
as wind/light, wind/water or wind/light/storage [3-5], for the access of electric vehicles, only the
matching with a single distributed power source is considered [6-11] and less consideration includes
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wind turbines, photovoltaic power plants, hydroelectric generators, energy storage and electric
vehicles. Matching schemes and optimization strategies for comprehensive flexible resources.

In this paper, a mathematical model is established for the output and charging and discharging of
wind water storage and electric vehicles. Then the objective function, constraints and optimization
algorithms of the multi-objective optimization problem are determined, and the synthesis is based on
the optimization solution set. Preferred strategy. Based on the above theory, combined with the actual
examples in a certain area of eastern China, the optimization simulation research is carried out, and the
charging and discharging situation of electric vehicles in one day is analyzed in detail.

2. Scenery water storage model

2.1. Wind turbine output model
The relationship between the output power of the fan and the wind speed at the hub height of the fan
can be fitted using a polynomial. This paper uses the following cubic function model to calculate:

0 V<V V2V,
3 3
V-V 1
Ry (v)=1P, —4 V, SV<V, (1)
Vn = Ve
Py Vy SV<V,,

In the middle , R, (v)is the maximum output power when the wind speed is v at the hub height, p,

is the rated power of the fan, v is converted into the wind speed at the height of the fan hub, vy is the
rated wind speed, Vi, is the cut-in wind speed, and v, is the cut-out wind speed.

2.2. Photovoltaic power generation model

The steady-state power output of the PV module uses the following simplified model [9] (under
standard test conditions, the solar radiation intensity is 1000 W/m” and the battery temperature is
25 °C).

Po, = Puc G'ﬂ[u k(T,-T,)] (2)
GSTC

Where Ppy is the actual output power (k7)of the PV module; Ggrc is the solar radiation intensity
(W/m?under standard test conditions; Psrc is the maximum output power (k%) of the PV module under
standard test conditions; £ is the temperature coefficient of power (%/°C). Where T. is the temperature
of the photovoltaic cell; 7, is the ambient temperature; 7, is the reference temperature; Gy is the
actual solar radiation intensity (W/m?).

On the basis of considering the output of the photovoltaic array, the output of the photovoltaic
power generation system needs to comprehensively consider the factors of converter efficiency,
maximum power tracking control efficiency and surface area of the photovoltaic array, which affect
the efficiency of the power generation system. The average output power of a photovoltaic power
generation system over a certain period of time is:

PV

avipower = nlossnmpptndust

IDPV ( 3)

Where 77,4, 1s the DC/DC converter efficiency, 7, is the maximum power tracking control

efficiency, and 77,,, is the power output derating factor of the photovoltaic power generation system
due to surface area dust.

2.3. Small hydropower generation power model

Hydroelectric power is a way of generating electricity that converts the potential and kinetic energy of
water into mechanical energy and then converts mechanical energy into electrical energy. Water
conservancy projects concentrate the drop of natural water flow, forming a water head, so that the
water in the upstream reservoir has a higher potential energy, and the energy is converted into electric
energy by the turbine.
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The turbine head H refers to the total unit flow difference of the turbine inlet and outlet sections.
The basic expression is as follows:

2 2
H =[z1+pl+“lvl ]_(z2+92+“zvz] o)
M 29 M 29
Where Z is the unit potential energy relative to the reference plane; p is the density of water; Pu
ey

b

P2 is the unit pressure energy; v,v; is the average flow velocity of the cross section; Vi Y s the
ey 29 29

unit kinetic energy; ¢, and «, are the distribution along the section considering the flow velocity

Uneven kinetic energy unevenness coefficient.
The rated output of the turbine is as shown in equation (5):

PHD = 9-8177Qd (Hd —AH ) (%)

Where H, is the design head, AH is the head loss, Q, is the design flow, and 7 is the turbine

efficiency. P, is the power output by the turbine.

2.4. Energy storage and discharge model
The energy of the battery in a hybrid system is constantly changing. At the time t, the charge of the
battery is related to the charge at the previous moment and the supply and demand of the charge at
time t-1 to time t. When the total output power of renewable energy generation is greater than the load
power consumption, the battery is in a charging state, and vice versa, the battery is in a discharging
state.

When the battery is charged, P,,; (t)<0, the charge at the t hour is

SOC(t) = SOC(t —1)— Py (t)7c — D Qs (6)
When the battery is discharged, P,,; (t)> 0, the charge at the t hour is
SOC(t)=SOC(t ~1)~ P (t)/ 75 ~ Do Qs (7)

Where socft) is the remaining capacity of the battery at the tth hour; p,_(t) is the charge and
discharge power of the battery at the tth hour; 7. and 7, are the charge and discharge efficiencies of
the battery; D, is the self-discharge ratio of the battery per hour; QS is the total capacity of the battery .

2.5. Electric vehicle scheduling model
As a kind of mobile energy storage, electric vehicles have received extensive attention and research in
recent years [12-14].

The charge of the electric vehicle at time t is related to the charge at the previous moment and the
charge and discharge during this period. When the electric vehicle is in a charging state, its charge at
time t is:

EV(t)=EV(t —1)+tchﬂ E,.. )
Tey
Where EV(t) and EV(t-1) are the charge amounts of the electric vehicle at time t and time t-1,

respectively; t is the charging time; ¢, is the time required for the electric vehicle to fully charge;

charge
E,.. 1S the upper limit of the charging amount of the electric vehicle.

When the electric vehicle is in a discharged state, its charge at time t can be expressed as:

EV (t) =EV (t _1)_ Lgischarge P

discharge

)

conv

Where ¢, . is the discharge time, Poianage 1S the discharge power, and 5 is the inverter efficiency.
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The scheduling of electric vehicles needs to consider economics, that is, the charge and discharge
price of each time period. The charging and discharging prices of electric vehicles are shown in Table
1[12].

Table 1. Electric Vehicle Charging and Discharging Price

Time slot | Charging price | Discharge Time slot Charging Discharge
/RMB price /RMB price /RMB | price /RMB
0:00-1:00 0.320 0.335 1:00-2:00 0.320 0.335
2:00-3:00 0.320 0.335 3:00-4:00 0.320 0.335
4:00-5:00 0.320 0.335 5:00-6:00 0.320 0.335
6:00-7:00 0.320 0.335 7:00-8:00 0.670 0.781
8:00-9:00 0.670 0.781 9:00-10:00 0.670 0.781
10:00-11:00 0.910 1.253 11:00-12:00 0.910 1.253
12:00-13:00 0.910 1.253 13:00-14:00 0.910 1.253
14:00-15:00 0.910 1.253 15:00-16:00 0.670 0.781
16:00-17:00 0.670 0.781 17:00-18:00 0.670 0.781
18:00-19:00 0.910 1.253 19:00-20:00 0.910 1.253
20:00-21:00 0.910 1.253 21:00-22:00 0.670 0.781
22:00-23:00 0.670 0.781 23:00-24:00 0.320 0.335

3. Multi-objective optimization matching model

3.1. Multi-objective optimization overview

The essential difference between multi-objective and single-objective optimization problems is that
the solution is not unique and is a set of multiple Pareto optimal solutions. Compared to single-
objective optimization, multi-objective optimization can consider the requirements of various
indicators.

Multi-objective optimization problems can be summarized as follows:
min F(X) = min(f,(X), f,(X),--, f,(X))
st. XeQ
G(X)=0
H(X)<0

Where X is the optimization variable; f; is the ith optimization goal; € is the feasible solution
space; G and H represent the set of equality constraints and inequality constraints, respectively.

(10)

3.2. Objective function

(1)The lowest total combined cost
N

min  f,=> N;-(C,+M,) (11)
i-1
Where N, C, and M, are the discounted values of wind turbines, photovoltaic power generation

systems, hydroelectric energy storage systems, and electric vehicle charging piles, equipment
investment construction costs, and maintenance costs, respectively.

(2)The lowest probability of loss of load

T T

min f2 ZZ(_ SLOLP(t)'W(t))/ZQL(t) (12)

t=1 t=1
Where W(t) is the amount of energy imbalance at a certain moment; S, (t) is a Boolean quantity,
when W(t)>0 , S,5(t)=0,when W(t)<0, S5 (t)=1:Q,(t) is the current demand load demand;
T'is the simulation duration.
(3)Clean energy waste rate is the lowest
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T

LU YCPROXORCH (S 3CXC) ®

t=1
Where W(t) is the amount of energy imbalance at a certain time; Qg is the available capacity of
energy storage; y is the charging efficiency of energy storage; S, (t) is the Boolean quantity, then
W (t)< Q. Syoen(t)=0, then W(t)>Qy, S o (t)=1; Q,(t) is the current time load demand ; T is
the simulation duration.

3.3. Restrictions
(1)System active power balance
Where R (t), Ps, (t), Py (t) s Paar (t) , P, (t) are the actual powers of the wind turbine,
photovoltaic cell, energy storage system and electric vehicle at the simulation time t, Py (t) is
positive for energy storage discharge, and Pg,; (t) is negative for energy storage. Charging, Py, (t) is
positive for electric vehicle discharge, and P, (t) negative for electric vehicle charging. Q, (t) is the
load demand at the moment.
(2)Flexibility resource generation constraint
Rur (1) < RE

0< PPV (t) <Py

0<P,(t)< P (15)
Poar < Paar (1)< PO
PEr\r}m < PEV( )5 P

Where B, P, Ps. are the upper limit of the output of wind turbines, photovoltaic cells and

hydroelectric generators, respectively, PB”,liTn and P;yy are the upper and lower limits of the charge

and discharge of energy storage, respectively, PE"\}i” and PL™ are respectively charge and discharge
of electric vehicles. The upper and lower limits.
(3)Battery charge constraint
SOC™" < SOC(t)< SOC™
{ EV™ <EV(t)<EV™ (19
In the formula, SOC™" and SOC™ are the upper and lower limits of the stored energy, and EV ™"
and EV ™ are the upper and lower limits of the electric vehicle battery.

3.4. Multi-objective optimization algorithm

Grey Wolf Optimization (GWO) is an optimization algorithm proposed by scientists such as Seyedali
Mirjalili in recent years [15-16]. The basic idea of the algorithm is the optimization algorithm based
on the grey wolf population mechanism and predation behavior. The basic steps for its optimal
solution are as follows [17]:

(1)Distribution of population levels
The wolves follow a strict hierarchy, in which the individual with the best fitness value is & wolf,
followed by S wolf and & wolf, and the rest are @ wolves. In the GWO algorithm, the hunting
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behavior is led by & wolf, f wolf and & wolf, and @ wolf is responsible for following the three
wolves to find the optimal solution.
(2)Surrounded by prey

The gray wolf determines the distance between himself and the prey when he surrounds the prey:
D=[C-X,(t)-X(t)
C=2r
(17)
Where X p(t) is the prey position, X (t) is the gray wolf position, and C is the rocking coefficient. I}

is a random number between 0 and 1.
Then, the gray wolf updates its position based on the distance between itself and the prey:

X(t+1)=X,(t)-A-D

A=2ar,—-a (18)
(3)Capture prey
In the gray wolf algorithm, the gray wolf does not know the specific position of the prey. In order to
capture the prey, the position information of & wolf, # wolf and & wolf is used to realize the
positioning of the prey. Its mathematical expression is as follows:

D, =[C,- X, (t)- X(t), X, =X, -A D, (19)
D, =|C, - X,(t)-X(t), X, =X, ~A,-D, (20)
D; =|C, - X,(t)— X(t)}, X; = X5 — A;- D, 1)

X(t+1):% (22)

The multi-target grey wolf algorithm adds Pareto archiving mechanism and & wolf,  wolf and

0 wolf selection mechanism based on the grey wolf algorithm. A new solution is generated in each
cycle of the algorithm. The Pareto solution is used to store the Pareto solution in these new solutions.
The size of the archive is N. When the number of solutions stored in Pareto exceeds N, the congestion
distance is used. Make a cut. The nearest solution to each individual i is the domain of i, and & wolf,
S wolf, and 0 wolf are selected according to the non-dominant relationship. If the solutions do not

dominate each other, then the selection is based on the crowded distance.

3.5. Multi-objective optimization algorithm

The entropy weight method [16] is an objective weighting method. The entropy value of each index
can indicate the amount of information they provide. Therefore, the weight of each indicator can be
determined according to the entropy value. The entropy weight method gives weight by the entropy
value of the indicator, which can highlight the local difference of the data. In the evaluation, for a
certain indicator, if the sample has a larger difference in this indicator, then the role of this indicator in
the evaluation of the program is greater. Otherwise, the samples are the same, and this indicator plays
a small role in the evaluation of the program. The calculation steps are as follows:

(1)Data standardization:
The data samples of each indicator are standardized. Suppose that K indicators X;, X,,--- X, , where

X, = {xil, xiz,---xin}, that is, each data contains n samples, the formula for normalizing the data is as
follows:
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% min(x, )
max (x; )—min(x;)
Where Y, represents the value of the data j normalized by the i index.

(23)

ij

(2)Information Entropy of Indicators
Calculate Information Entropy of Indicators. According to the definition of information entropy [18-20], a
set of formulas for calculating j information entropy of data are as follows:
E; :_In(n)ilz Pij In P;
i1 (24)
Yi  limp,Inp, =0
Py =—— am p; In Py =
Where 5 v and ™ .
z ij

i=1

(3)Find the information entropy of each indicator:
According to the calculation formula of information entropy, it can be concluded that the information
entropy of each index is E.E,....E and the calculation formula for calculating the weight of each

index by information entropy is as follows:

1-E ..
w=—=—(01=12,...,k)
k‘ZEi (25)

Where @, is the weight of the indicator i, and k is a total of k indicators.

According to this principle, the comprehensive evaluation index CEI for the multi-objective
planning problem can be obtained:

CEl=w,-f,+w, - f,+,- 1, (26)

Where w,,,, », are the weighting coefficients calculated according to the entropy weight method,

satisfying @, + @, + w, =1; f_l, f_2 , f, are the normalized values of the objective functions.

Finally, according to the comprehensive evaluation index value CEI of each pre-selection scheme,
the ranking is based on small to large, and the scheme with the highest ranking is the power supply
configuration proposal.

4. Study analysis

4.1. Simulation background

This paper selects the average value of wind, light, water and load for a three-year period in a certain
area on the eastern coast of China as a typical year.

(1)The typical annual wind, light, water resources distribution and load curve are shown in Figure 1.
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Figure 1. Wind-Solar-Hydro-Load Curves of a City on the Eastern Coast of China in a Typical Year
(2)The parameters of each flexible resource in the hybrid system are shown in Appendix A1-A4.
(3)There are a total of 50 electric vehicles that can be dispatched in the region. The upper limit of
charging power is 15kW per hour, and the upper limit of discharge power is 30kW, which is

PI" = —15kW , PX™ =30kW .

4.2. Simulation background

In this paper, the MOGWO algorithm is used to solve the above multi-objective optimization problem.
The wolf size is set to 100, the archive size is set to 50, the number of iterations is set to 50, and the
field size is set to 8.

The Pareto solution set is obtained through simulation optimization. The weight coefficients f,, f,,
f, of the objective functions @, =0.7,w, =0.1, @, =0.2 ,are obtained according to the entropy

weight method described in equation (25), and normalized by the equation (23) , and the equation (26)
is obtained. (24) Calculate the comprehensive evaluation indicators of each program. The candidate
schemes are sorted in ascending order according to the comprehensive evaluation index, and Table 2 is
the scheme of the top 10 in the ranking.

Table 2 Results of Ranking based on CEI

Plan — con Quant PN ouan E™Y ouant  Turbin Quant LOEP  LOLP  NPC/RM
numb ; voltaic : storage : ; o 1% B
or model ity model tity model ity e model ity 1% o

1 2 1 3 12 1 9 1 2 109.4 0.0000 281457
2 2 1 2 9 1 9 1 2 109.4 0.0000 282040
3 2 1 3 15 1 9 1 2 109.4 0.0000 283311
4 2 1 3 18 1 9 1 2 109.4 0.0000 285165
5 2 1 3 12 1 6 1 2 109.7 0.0637 254906
6 2 1 2 9 1 6 1 2 109.7 0.0637 255490
7 2 1 3 15 1 6 1 2 109.7 0.0637 256760
8 2 1 3 18 1 6 1 2 109.7 0.0637 258614
9 1 2 3 12 1 6 1 1 38.3 0.1719 262545
10 1 2 2 9 1 6 1 1 38.3 0.1719 263128

Considering the various index factors comprehensively, finally, the first-ranking scheme in Table 2
is selected, and each flexible resource is optimally configured, which is the optimal configuration
scheme.

LOEP and LOLP are selected as optimization targets respectively, and MOPSO and MOGWO
algorithms are used to optimize the solution respectively. The Pareto fronts are shown in Figure 2. It
can be seen from the figure that the Pareto frontier obtained by MOGWO is closer to the real situation,
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and its distribution is more uniform. Therefore, the MOGWO algorithm is used to solve the optimal
configuration problem, which has certain advantages compared with other algorithms.

0.7
0.6
05
&
04 |
LOLP/% m ¢
03 | m e + MOPSO
% B MOGWO
0.2 Ry,
L]
L CFT Y
0.1 ‘.171 -
0 T T T T T 1
0 20 40 60 8 100 120

LOEP/%

Figure 2. Pareto Fronts Comparison Using Different Optimization Algorithms
Change the ratio of the amount of power generated by the flexible resource to the amount of load
y . The proportion of the energy storage configuration corresponding to the power generation

component of different flexible resources is shown in Fig. 3.
0.18

T T T
' : i s Optimal Configuration
(0 (o T, SRR RN . S 100% Solar
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Figure 3. Wind-Solar-Hydro-Load Curves of a City on the Eastern Coast of China in a Typical Year
As can be seen from Fig. 3, the energy storage capacity of the required configuration decreases as

the new energy generation increases than 7. According to the analysis, the allocation of more new
energy power generation equipment will reduce the capacity of the energy storage device, and also
increase the power generation cost of the new energy configuration. At the same time, it will make
abandon the new energy that is often stored and cannot be stored, thus causing waste. At the same new
energy generation ratio, a significant reduction in energy storage configuration capacity can be
achieved by optimizing various new energy allocation ratios. The new energy source such as wind,
light, and small hydropower is used as a new energy power generation equipment to meet the power
supply reliability, and the required energy storage capacity is relatively large. This not only increases
the allocation cost of energy storage capacity, but also increases the investment cost of new energy
power generation equipment and wastes of generating new energy. It can be seen that the optimized
configuration scheme obtained in this paper will be able to achieve the optimization of the new energy
generation ratio and minimize the capacity ratio of the energy storage device.

For the optimal configuration scheme, the operating conditions of one of the days are randomly
selected, and the 24-hour charging and discharging of the electric vehicle is as follows:
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Figure 4. Daily Charging and Discharging Diagram of Electric Vehicles in Optimal Configuration

It can be seen from Fig. 4 that the discharge time period of the electric vehicle is mainly distributed
in three time periods of 9:00-10:00, 16:00-17:00 and 22:00-24:00. The charging and discharging
situation of electric vehicles is mainly affected by the charging and discharging price of electric
vehicles, the load of the grid and the output of other micro-power sources in the hybrid energy system.
In general, the load during the day is higher at 9:00-11:00, 14:00-17:00, and 20:00-22:00. Referring to
Table 1, the discharge price of the electric vehicle V2G is higher during the above period. In addition,
due to the lack of illumination at night, the photovoltaic output is almost zero, so the electric vehicle
has a large discharge at 22:00-24:00. In the period from 0:00 to 7:00, the electric vehicle charging
power is large because the grid load is not high and the electric vehicle charging price is low. In
summary, electric vehicles as a flexible mobile energy storage access have unique advantages for
reducing energy storage pressure, grid peaking and valley filling, and increasing vehicle owners'
income.

5. Conclusion

Based on the detailed analysis of each flexible resource, this paper establishes a multi-objective
optimization model for wind/solar/water/storage/vehicle multi-flexibility resource system, and solves
and optimizes it. This model makes up for the incomplete problem of traditional hybrid energy
optimization considerations. After comparative analysis, the optimized configuration scheme can
achieve the optimization of new energy generation ratio and minimize the capacity ratio of the energy
storage device. In addition, the access of electric vehicles has significant advantages in improving the
performance of multi-flexible resource systems, making up for the insufficiency of traditional energy
storage and reducing the economic investment of the system.
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