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Abstract

the probability of each scene.

The optimal configuration of battery energy storage system is key to the designing of a microgrid. In this paper, a
optimal configuration method of energy storage in grid-connected microgrid is proposed. Firstly, the two-layer
decision model to allocate the capacity of storage is established. The decision variables in outer programming
model are the capacity and power of the storage system. The objective is the least investment on the battery
energy storage system. The decision variable in inner programming model is the charging and discharging
power of battery. The objective is the lowest power fluctuation on the connection line. Then a case containing a
grid-connected microgrid with wind power, photovoltaic, battery energy storage and load is studied, and the
multi-scenario probabilistic method is used. The last result of energy storage configuration is calculated through
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1 Introduction

Renewable energy is volatile and intermittent, there-
fore to stabilize its energy consumption through the
energy storage technology is necessary. The battery
energy storage technology is becoming one of the
promising development direction with those advan-
tages such as high energy density, flexible installation
and high charging and discharging speed [1-3]. The
Microgrid technology is an important form of effi-
cient use of distributed renewable energy, and the op-
timal allocation of energy storage capacity is an
important problem in the design of grid-connected
microgrid.

There are many related research results about the
allocation strategy for storage capacity in micro-grids.
In the literature [4—6], the distribution of the fluctu-
ation of the microgrid is summarized by analyzing the
historical operational data, and then the capacity of
the energy storage system is obtained based on the
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stabilization effect and cost. In [7, 8], the time con-
stant of the best first-order low-pass filter is deter-
mined by the stabilizing effect of the grid-connected
output power, and the power and capacity of energy
storage system are configured by the time constant.
Literature [9, 10] uses the spectrum analysis method
to optimize the output power storage, but this
method is only a single-objective optimization to
stabilize photovoltaic fluctuations without considering
the cost factor. In [11, 12], the operation characteris-
tics of important load in industry, and the optimization
method of energy storage capacity of industrial photo-
voltaic microgrid is constructed with the aim of maxi-
mizing the utilization ratio of PV and the maximum
annual net profit, but the impact of new energy vola-
tility to grid is not involved. In [13, 14], a method of
rationally configuring the composite storage capacity is
proposed for the microgrid including photovoltaic
power generation, wind power generation and typical
load. A multi-objective optimization model with the
lowest equipment cost, the best power matching and
the most smooth renewable energy output power is
established and the solution method is an adaptive iner-
tia weight particle swarm optimization algorithm. In
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view of the randomness of new energy output, litera-
ture [15-17] puts forward a hybrid energy storage ca-
pacity allocation method based on opportunistic
constraint planning, and the genetic algorithm is used
to solve the problem with the lowest cost, but the
optimization for energy storage to stabilize power fluc-
tuations is not taken into account.

In this paper, the optimal allocation strategy of energy
storage capacity in the grid-connected microgrid is
studied, and the two-layer decision model is esta-
blished. The decision variables of the outer program-
ming model are the power and capacity of the energy
storage. The objective is the least investment of the en-
ergy storage and the fluctuation. The decision variable
of the inner-layer programming model is the charging
and discharging power of the energy storage at the ope-
ration stage, the objective is the lowest power fluctua-
tion of the system connection line. Then a case study of
a grid-connected microgrid with wind power, photovol-
taic, battery energy storage and load is given. Through
the case study, the multi-scenario probability method is
used to make the decision of the energy storage
configuration.

2 The two-layer decision problem

The two-layer decision problem is an optimization
problem with two-level hierarchical structure, and
the outer the inner layer optimization problems have
their own objective function and constraints. The
objective function and constraints of the outer
optimization problem are not only related to the de-
cision variables of the outer optimization problem,
but also on the optimal solution of the inner
optimization problem. The optimal solution of the
inner optimization problem is also affected by the
decision variables of the outer optimization problem.
The general mathematical model of the two-layer de-
cision problem is as follows:

{ min F(x, y)
s.t.g(x,y)<0 (1)

min £z, y)
s.t.h(x,y)<0

In the above formulas:xeR™, yeR™are the decision var-
iables of the outer optimization problem and the inner
layer optimization problem, respectively.F,f : Rt —R
are the objective functions of the outer optimization
problem and the inner layer optimization problem. g
: R —R™ are rrespectively the Restrictions of the
outer optimization problem and the inner layer
optimization problem.
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It is usually difficult to obtain the global optimal solu-
tion of the two-layer optimization problem, and it is
considered that the optimal solution is obtained by the
iterative approximation of the numerical solution and
satisfying certain convergence conditions.

3 Energy storage configuration model

In the two-layer programming model proposed in
this paper, the decision variables of the upper-level
model are the capacity and power of the storage sys-
tem and the objective is the lowest cost of the bat-
tery energy storage system. The decision variables in
the lower-level model is the charging and dischar-
ging power of battery. With the increasing number
of grid-connected microgrids, the power fluctuations
on connection line will adversely affect the stability
of the grid. So in the lower-level model, the object-
ive is the lowest power fluctuation of the system
connection line.

3.1 The upper-level model
The objective function is:

minC4 = ¢1Pgs + ¢oEps +

N
A %;(PESO) +PL(i)_PG(i)_Pbase)

(2)

In the above formula, ¢;is the unit power cost, for lith-
ium batteries, lead acid and other battery energy storage,
it is mainly the cost of power converter system (PCS); ¢,
is the unit capacity costs, it is mainly the cost of the bat-
tery; A is the penalty factor for the power fluctuation of
the connection line; Pgs is the power of energy storage
in microgrid; P, is the power of load in microgrid; Psis
the power of generation in microgrid; Pp,gis the demand
capacity reported to the grid by the microgrid
corporation.

The constraints are shown as follows:

1 i
Pgg<P, Epg>————— Y Ppg(i)At
ESSIM ES SOCM—SOCOk; Es (i) )
Erps<En Prs>Prs(i)

i=1,2,..N

Where N is the calculated number of time period, Py,
and E, are respectively the power and energy capacity of
the storage system due to the installation site, grid power,
etc., SOC,, is the highest state of charge that allowed by
the battery energy storage system, SOCj is the initial state
of charge of the battery energy storage system.
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Fig. 1 Transition diagram of stage state

3.2 The lower-level model

Two—part electricity price is implemented for the grid-
connected microgrid. The first part is the fixed demand
capacity cost which is calculated according to the de-
mand power. And the second part is the electricity cost
bought from the connection line. For the microgrid op-
erator, the fluctuation variance of the connection line
means extral tarrif. As a result, the inner objective func-
tion is given as below:

N [P1(i)~Pg(i)]
minf = Z{ng(i) + PL(i)—Pg(i)— ,zzl ¢ }2
i=1 N

(4)

The above equation shows the fluctuation variance of
the power of the connection line within one day. pgs(i),
pr(i), andpg(i)are respectively the energy storage power,
load power and generation power in the microgrid sys-
tem in the i time period.

The constraints are:

—PESSpES(i)SPES
SOC,,<SOC(i)<SOC (5)
~Pgo <Ps(i) + p(i)-pg(i)<Pro

Where Pro, Pgo are respectively the maximum allow-
able consumption power and reverse power on the con-
nect line. The first constrain is.

Here, prs is maximum the charging and discharging
power of the energy storage. Assuming that the energy
storage system charging efficiency 7. and discharge effi-
ciency #, remains constant, set a as follows:

Pes >0

e
a= (6)
{ 1/n, pps<0

So we can get the equation:

SOC\0) S\ SAC2) SOC\k) NTak! ) SN
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Fig. 2 Transition diagram of SOC's stage state
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Fig. 3 The variable quantity transfer of the two-level model

(X(i)Pgs(i)At

SOC(i) = SOC(i-1) + =12

(7)
where At is the calculating length of the time period.

3.3 Solving algorithm

It can be seen that the outer programming model is a quad-
ratic problem and easy to solve. The inner programming
mode is a mixed integer nonlinear programming (MINLP)
problem, its objective function can be expressed as a form
of univariate function and the dynamic programming
method can be used to solve the problem. The dynamic
programming method decomposes a multi-stage optimization
problem into single-stage optimization problem by stage
division, which is an effective algorithm to solve the prob-
lem. The dynamic programming model needs to deter-
mine the calculated decision quantity and state quantity.
For each controllable resource, the power of each calcula-
tion period is the decision quantity in the dynamic pro-
gramming model; for the energy storage, the SOC at the
end of each calculation period is its state quantity, the ini-
tial state quantity and the end state quantity are known
quantities.

The optimal strategy of the dynamic programming
decision-making process has the property as follows: the
rest of the decisions must be an optimal strategy when
any of the state is taken as the initial level and initial state,
regardless of the initial state and the initial decision. That
is, if there is a N-level decision process with initial state of

Scheduling
system

Three phase
400V,50Hz

Fig. 4 System structure diagram of grid-connected microgrid
A\
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Table 1 Energy storage configuration scenes

Scene The maximum wind The The probability
power(kW) maximum  maximum
PV power  load
(kw) (kw)
S1 280 195 896 17%
S2 288 192 1132 21%
S3 414 205 1063 26%
S4 423 236 1031 19%

x(0), its optimal strategy is{u(0), u(1),...u(N - 1)}. Then,
for a N-1-level decision process with initial state of x(1),
the decision set {u(1), #(2),...u(N - 1)} must be the opti-
mal strategy.

Figure 1 shows the state transfer diagram of the N-
level decision process. An N-level decision process can
be expressed as follows:

x(k + 1) = fx(k), u(k), k]

x(0) = %o ®

The constraints in the above formula are:x(k) € X € R”,
u(k) e Q cR™. At this point, the programming problem
can be described as solving an optimal control (decision)
seriesu’(k) ,k=0,1, ... N-1, which can make the per-
formance indicator minimum.

The solving method of dynamic programming prob-
lem can be divided into two directions: forward and
backward. The forward direction means starting from
the initial layer and calculating gradually to the end; the
backward direction means starting from the end layer
and reversing the solution. In practical problems, the
backward direction is more commonly used. The paper
adopt the backward direction method.

900 -
o] S p——y power )
7001 PV power
==+ == LOad
600 - \

POWER(KW)

1 1 L L 1 1 1 1
111213141516 171819 2021222324

TIME (h)

ar

A
5678 91

Fig. 5 Daily power generation and load curve of microgrid in
scene S1
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Fig. 6 Daily power generation and load curve of microgrid in
scene S2

At each stage, SOC at the end is considered as the
state quantity, the power of the energy storage pgs(i) is
the decision quantity, the variance of the power becomes
the corresponding cost function, and eq. (7) is the dy-
namic equation.

The power decision set of energy storage can be estab-
lished through the charging and discharging power limit
and the line power limit. The state set of energy storage
can be established through the SOC range of operation.
Enumeration method is adopted to solve the single stage
MINLP problem. According to the second constrain in
eq. (5), the state set is composed of discrete value from
SOC,,to SOCyby a step of ASOC. The decision set can
be calculated accordingly. The lessASOC value, the lar-
ger the decision set. As a result, it takes more time to
calculate the optimal decision.

According to the steps above, the optimal charging
and discharging process of energy storage system can be
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Fig. 7 Daily power generation and load curve of microgrid in

scene S3
- J




Li et al. Protection and Control of Modern Power Systems (2017) 2:35

Page 5 of 7

1200 -
— = — Wind power
PV power
1000f | . ioad /“'\.\
P
-
800| ‘/\V/v \
4
S / \
E 600 \ ¢
b4 \
< -
O 400} ,\
e A
h 1
20| N IL'“ '\,.‘ {
}
V/V y VN~
0 1 V: L - 1 VIV 1 L 1 1 1 I 1 1 1 1 & 1 1 L 1
0123456789 101112131415161718192021 222324
TIME (h)
Fig. 8 Daily power generation and load curve of microgrid in
scene S4

solved. Figure 2 shows the transition diagram of SOC’s
stage state.

From the inner problem we can get the optimal char-
ging and discharging process of the energy storage sys-
tem. The solve of inner problem is transferred to the
upper-level model to get the optimal configuration of
energy storage system. And the configuration is trans-
ferred to the lower-lever model as constrains. The iter-
ation process is illustrated in Fig. 3.

4 Case study

In this case, a grid-connected microgrid with wind
power, photovoltaic, battery energy storage and load is
studied. The system structure of the microgrid is shown
in Fig. 4.

In this system, the installed capacity of photovoltaic is
300 kW, the installed capacity of wind power is 500 kW,
the maximum load is 1200 kW, the maximum power
limit of the connection line is 1000 kW, and the reverse
transmission power is limited to 500 kW.

For the uncertainties of wind power, photovoltaic power
and load, the multi-scene probability method is used to
make the decision of the energy storage configuration.
That is to say, the energy storage configuration is calcu-
lated in several scenes, and decisions are made according

Table 2 Optimize configuration results for energy storage in
each SCENE

Scene The power of
energy storage

The capacity of
energy storage

The cost of energy
storage system(k$)

system(kW) system(kwh)
S1 294.7 364. 3 127.1
S2 361.0 425.9 149. 8
S3 136.9 132.3 48.3
S4 143.5 73.8 31.78

.
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I The kth iteration |
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Are all scenes
traversed?

| Configuration of energy storage

Fig. 9 Energy storage configuration process based on
scene decision
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Fig. 10 Energy storage and contact line power curve in scene S1
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Fig. 11 Energy storage and contact line power curve in scene S2

to the probability level of each scene. Scene analysis is an
effective method to solve stochastic problems. By model-
ing the possible scenes, the uncertainties in the model are
transformed into multiple deterministic scene problems,
where the difficulty of modeling and solving is reduced.
The time series of a possible operating state in the period
being studied is called a scene s, and the set of all possible
scenes of the system is called the scene set S. The uncer-
tainty of the system can be simulated by generating a
scene set.

Here, the historical data of wind power, photovoltaic
power and load in this microgrid during one year is used
for analysis, that is, the number of scenes is 365. In
order to trade-off between the computational burden
and maintain a certain degree of credibility, an approxi-
mate subset of the original scene is selected using the
probability distance to reduce the number of scenarios.
The original scene set can be reduced to four scenes
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Fig. 12 Energy storage and contact line power curve in scene S3
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Fig. 13 Energy storage and contact line power curve in scene S4

which are shown in Table 1 and Figs. 5, 6, 7 and 8.
Table 2 shows the optimal configuration of energy stor-
age in each scene. Figure 9 shows the energy storage
configuration of grid-connected microgrid system based
on scene decision.

The power curves of energy storage system and con-
nection line in each scene are shown in Figs. 10, 11, 12
and 13. According to the configuration results of energy
storage in each scene, the power and capacity of energy
storage can be calculated as follows:

n
Z PSESps

s=1
Pps =—,

> Ps
s=1

n
Z ESESPS
s=1

7 (13)
;ps

aPES:

The energy storage configuration result is 227. 4 kW /
240. 7kWh after calculation. The values of the parame-
ters are shown in Table 3. The value of ¢; and ¢, is given
as an example for Lithium energy storage system cost
nowadays. A is given considering the total cost of con-
struction of distribution network and the reserve cap-
acity of system.

After calculation, the standard deviation of the power
fluctuation of connection line in the grid-connected
microgrid can be suppressed within 50 kW (expected
value) under this energy storage configuration.

Table 3 Optimal configuration of energy storage in each

scenario

Parameter @] C A SOC,
SkW-1 $-kWh-1 SkW-1

Value 72 290 2180 0.2

Parameter SOCu PLo kW Pgo kW

Value 1.0 800 -500
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5 Summary

This paper studies an optimal configuration strategy of
energy storage in grid-connected microgrid and detail
work is as follows:

(1) The two-layer decision model of energy storage
capacity configuration is given. The decision variables of
the upper-level model are the power and capacity of the
energy storage and the objective is to minimize the ini-
tial investment and the fluctuation on the connection
line. The decision variable of the lower-level program-
ming model is the charging and discharging power of
the energy storage, and the objective is the lowest power
fluctuation of the connection line. The upper-level
model is a quadratic programming problem, which is
easy to solve. For the lower-level model which is not
easy to be solved, the dynamic programming method
can be used.

(2) A case study of a grid-connected microgrid con-
taining wind power, photovoltaic, battery energy storage
and load is given. The multi-scene probability method is
used to make the decision on the configuration of en-
ergy storage according to the probability level of each
scene. Finally, the result of the energy storage configur-
ation is 227.4 kW / 240.7kWh under which the power
fluctuation of connection line in the grid-connected
microgrid can be suppressed within 50 kW.
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