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Cooperative Dispatch of Distributed Energy Storage
in Distribution Network With PV Generation Systems

Xiangjun Li

Abstract—Battery energy storage system (BESS) plays an impor-
tant role in solving problems in which the intermittency has to be
considered while operating distribution network (DN) penetrated
with renewable energy. Aiming at this problem, this paper proposes
a global centralized dispatch model that applies BESS technology
to DN with renewable energy source (RES). The method proposed
in this paper aims to minimize the power purchase cost considering
network active loss cost as well as voltage deviation penalty cost.
Later, second-order cone programming (SOCP) method as well as
big M method are applied to make the problem tractable. Last,
the method illustrated in this paper is applied and validated on a
modified IEEE 33-bus benchmark system to verify the effectiveness
of the proposed scheduling model.

Index Terms—Energy storage, distributed photovoltaic power
generation, peak shaving, voltage regulation, economic effect.

1. INTRODUCTION

ROUND the world, renewable energy penetration rate is
A increasing rapidly, especially, in the case of China. By the
end of 2020, China’s installed renewable energy capacity has
reached 934 000 MW, an increase of 17.5% year-on-year. How-
ever, the uncertainty of renewable energy output has brought
certain challenges to the operating of DN [1]. BESS, as a flexible
resource, plays an important role in operating system highly
penetrated with intermittent renewable energy [2], [3]. With the
increase of the installed capacity of BESS, it is very necessary
to come up with a global centralized operation method of DN
that can utilize the flexibility of BESS [4], [5].

At present, there have been many researches on DN schedul-
ing considering ESS [6]-[8]. However, in some research, the
ESS scheduling goal of renewable energy side is single, which
makes it difficult to reflect the cooperative scheduling effect of
BESS and other units in DN. Some researches do not consider
network loss, and there is a common problem, that is, network
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loss cost and voltage deviation cost are not considered simulta-
neously in the objective function. With the gradual improvement
of power auxiliary service market, BESS will also play an
important role in power quality management [9], [10], which
has a lot of value to explore.

In this paper, a global centralized dispatch model is proposed
for DN penetrated with RES and BESS. Under the premise of
considering network loss, the proposed model seeks to jointly
minimize electricity purchasing cost, active line loss, as well
as voltage deviation. Later, to ensure the tractability of the
proposed model, second-order cone relaxation technique and
big M method are being applied and later the model is being
solved by Cplex solver. Last, the result is being evaluated from
three major perspectives, peak shaving, voltage regulation, as
well as economic effect.

II. GLOBAL CENTRALIZED DISPATCH MODEL
A. Objective Function

The objective of the DN economic dispatch model with dis-
tributed ESS and photovoltaic(PV) power stations is to minimize
the sum of the main network purchase cost, the network active
loss cost, and the voltage deviation penalty cost, as shown in (1).

Clpin = min

Npus
ZCgtPgt + Ce Z Z rij(Li;)* + Cq Z |Vie — 1
t i=1 jee(i) it

ey

where Cpi, is the minimum value of t objective function; Cy;
is the real-time electricity price for main power grid; P is the
active power provided by the main network to the DN; C. is
the compensation coefficient of network active 10ss; N5 is the
number of network buses; i, j are network buses numbers; c(i) is
a set of buses connected with i as a starting point; r;; is branch
resistance; /;; is branch current; C, is the voltage deviation
penalty coefficient; V; is voltage magnitude of bus i.

B. Constraint Condition

1) Power balance constraint
Fig. 1 shows part of a DN topology; the power injected or
absorbed at each bus and power flow at each branch should
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Fig. 1. Diagram for power flow direction of nodes and branches.

satisfy the following power balancing constraints:
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(2)
where Py, Ori: are the active and reactive power flowing into
bus i on branch ki; P, Q;;; are the active and reactive power
flowing out from bus i on branch ij; Pil;tss, é;?fsare the network
branch loss for active and reactive power; P4, Q%¢**are active
and reactive power by the ESS i; Pﬁff , thf are active and reactive
power by PV power station i; P5**, Q%*are the active and
reactive load power of bus i.

2) Voltage drop constraint is (3).
(Vje)? = (Vir)?
— 2(rij Pijt + 145 Qije) + (rij® + xij2)Ii2jt (3)

where V; and V;; are the voltage magnitude of bus j and i.
3) Transmission limit constraint is (4).
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where ;" is the branch transmission capacity.
4) Voltage drop constraint is (5).
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5) Load capacity constraint of ESS is (6).
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where C’fﬁfljx is the maximum value of i capacity of the ESS;
PPes is active power discharged by BESS i; P§®* is active
power for charging ESS i; U5°%® is a binary variable; E%* is the
remaining power quantity of BESS 1i; n.and 7gare the charging
and discharging efficiency for BESS.
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6) Charge and discharge power constraints of PV power
station are (7).

< p9f <
{O_Plt' _vas (7)

0< Q¥ < Qpus
where P,,,; and Q. are the maximum active and reactive power

provided by photovoltaic power station i.
7) Power constraints by the main network are (8).

OSPgtSPh,maa:
0< Qgt < Qh,mam

where P}, a0 and Qp, maqq are the maximum active and reactive
power provided by the main network to the DN.

®)

C. Constraint Condition

Using the second-order cone relaxation technique[2], the
square of branch current is defined as is 4 and the square of
node voltage amplitude is defined as us ;;, then the linearized
conversion can be found as (9)-(13).

— 2
uz,; =V; L 9
Qo 7]—2 o Pij+Qij ( )
2,45 — 4ij — uz,;

(1) It can be converted to

Cmin = min

Nbus
chtPgt + Ce Z Z Tiin,ij + Ca Z |‘/zt - ]-|
t i=1 jec(s) it
(10)
(3) It can be converted to
U jt = Uit — (Tz’jQ + xij2)i2,¢jt (11)
(4) It can be converted to
Piji — 12354735 ca
1, : 52, 2, < S ¢ P 12
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(5) It can be converted to
H [2P;+2Qijti2,ijt — U2,ijt]TH2 <ot + U244t (13)

The absolute value sign in (1) can be removed by introducing
binary variables, and when (V;; — 1) is non-negative, it is 1;
When (V;; — 1) is negative, itis 0. (14) can be expressed linearly
by the big M method as follows:

(20 — 1) (Vig — 1) = 208, — (Vip — 1)
0<of, = (Vie —1) < M(1 - ayy)

0 <wj, < Moy (14)

Continuous variables o;;(V;; — 1) were used vf, instead.
When «;; is 0, v}, is 0, and (V;; — 1) is negative; When «;,
is 1, v, = (V;y — 1), and (V;+ — 1) is not negative.
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Fig. 2. The topology of the modified IEEE 33-node system.
TABLE I
THE PARAMETERS OF BESSS AND PV STATIONS
Station Installed node Installed capacity (MW)
BESS 1 3 2
BESS 2 11 1
BESS 3 17 1
BESS 4 30 2
PV 1 5 2
PV2 8 1
PV3 15 1
PV 4 29 2
8

‘ —&— Load power —=— Interactive power PV

3 |

= |

g
OO 16 2‘0 3‘0 4‘0 5;0 6;0 7‘0 80 S;O 100
Time
Fig. 3. Output of units without BESSs.

III. CASE STUDY

A modified IEEE 33-node system has been used to simulate
and verify the proposed model. The topology of the modified
IEEE 33-node system is shown in Fig. 2.

As can be seen from Fig. 2, IEEE 33-node test system consists
of 33 buses and 32 branches. Four BESSs and four PV stations
are connected to the DN. In order to follow the principle of
power generation and use nearby, BESSs and PV stations are
distributed, the parameters of DN are shown in Table I. The
time interval is set to 15 min and a day is divided into 96 time
periods.

A. Analysis of Peak Shaving Effect of BESS

BESS can mitigate PV intermittency through energy through-
put and auxiliary power peak shaving. In this paper, the PV rejec-
tion rate of BESS before and after participating in dispatching is
compared, and the effectiveness of ESS technology to improve
the system’s ability to accept PV and participate in power peak
shaving is analyzed. Output of units without BESSs is shown in
Fig. 3. Output of units with BESSs is shown in Fig. 4.
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Fig. 4. Output of units with BESSs.
1.04
1.021
§
10 20 30 40 50 60 70 80 90 100
Time
Fig. 5. Voltage profiles of nodes without BESSs.
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Fig. 6.  Voltage profiles of nodes with BESSs.

By comparing Fig. 3 and Fig. 4, we can see that in the time
periods of 0-39 and 68-92, the interactive power between the
system and the transmission network is significantly reduced due
to the power released by BESSs. In the time period of 68-92, the
energy storage device releases power, which makes the output
curve of interactive power more smooth. At the same time, after
applying BESSs, the PV rejection rate decreased significantly
from 28.7% to 8.4%.

B. Analysis of Voltage Regulation Effect of BESS

Voltage profiles of nodes without BESSs is shown in Fig. 5
and voltage profiles of nodes with BESSs is shown in Fig. 6.

By comparing Fig. 5 and Fig. 6, we can see that under the
regulation of the BESSs, the low-voltage problem of the system
during the peak period of night load is solved. At the same time,
we can see that the node voltage reaches the lowest at 8:00 p.m.
inaday, so 8:00 p.m. are selected as typical time when the system
has no access to energy storage to investigate the improvement
of the system node voltage with and without BESSs. The node
voltage distribution diagram at the typical time is shown in Fig. 7.
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Fig. 8. The reactive power variations of BESSs.

TABLE I
THE COMPARISON OF SYSTEM SCHEDULING COSTS

Cost/Yuan Without BESSs With BESSs
Power purchase by main network 132436 129656
Network active loss 2665.8 2374
Voltage deviation penalty 3286.3 2118.5
Total cost 138388.1 134148.5

As can be seen that after the BESSs are connected, the voltage
of each node increases significantly, and the voltage deviation
is controlled within the allowable range. The minimum voltage
increases from 0.864 to 0.95 p. u. and the voltage qualification
rate of the system increases from 33.3% to 100%.

Fig. 8 shows the reactive power variations of each BESS in a
day. It can be seen that reactive power absorption occurs more
in the morning and evening, less in the afternoon. This indicates
that there is a certain redundancy of reactive power near node
which BESSs are connected with during daytime, thus the node
voltage is high.

C. Analysis of Economic Effect of BESS

Table II shows the comparison of system scheduling costs
with or without BESSs, the cost calculation formula is shown in
Formula 1.
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As we can see, through coordinated dispatching of BESSs,
the total cost is reduced from 138388.1 Yuan to 134148.5 Yuan,
and the overall economy is improved by 3.1%.

IV. CONCLUSION

An cooperative dispatch method for distributed energy storage
in DN with PV power generation systems has been presented in
the paper. The second-order cone relaxation technique and the
big M method are used to linearize the model. The proposed
model and solution technique are validated using the modified
IEEE 33-node system. The conclusions are drawn as follows.

The power output characteristics of each time point are ob-
tained by using the solution of Cplex. The solution is simple and
fast, and it is suitable for solving multi-objective optimization
and control problems. BESS can significantly improve the peak
shaving capacity of the system. For the IEEE 33-node system,
it can reduce the system’s PV abandonment rate from 28.7%
to 8.4%.BESS can significantly improve the voltage regulation
capacity of the system. The minimum voltage increases from
0.864 to 0.95 p. u. BESS can improve the economics of the
system operation. The overall economy is improved by 3.1%.
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