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Abstract: Battery energy storage systems (BESSs) are incorporated into wind farms to gain more profits by shifting energy over
time and to track predetermined power schedules. In operations, charging/discharging power of the BESS is adjusted flexibly to
follow the power schedules of the wind-BESS hybrid systems (W-BESS-HS), which are set to be the sum of short-term
predicted wind powers and charging/discharging schedules of the BESS. In order to extend lifetime of batteries, the BESS
operation is subject to a sequential charging/discharging state sequence, which is predetermined according to time-of-use (ToU)
pricing schemes. An iteration scheme is presented to update scheduled charging/discharging rates of the BESS according to
simulation results based on sequential Monte-Carlo simulation (SMCS) technology so that the W-BESS-HS can not only meet a
probabilistic requirement on generation schedule tracking but also gain further economic benefits by achieving a trade-off
between punishments resulted from power deviations and wind power curtailment losses. In the SMCS simulation, a series of
real-time indices are presented to evaluate performances of the W-BESS-HS at every dispatching interval and provide updating
directions of the iteration scheme. The research work can provide theoretical support when operating the W-BESS-HS in ToU

pricing schemes.

1 Introduction

Due to the foreseeable depletion of fossil energy resource and the
urgent need for carben dioxide emissions reduction, wind power
technology has achieved a rapid progress all around the world {1].
Unfortunately, wind powers are inherently intermittent and
fluctuant, so large-scale integrations of wind powers will inevitably
raise difficulties on operatien and control of electric power systems
[2]. Tt is mere serious that traditional generators often cannot
balance intermittences and fluctuations of the wind power entirely
when penetration levels of wind powers increased to a significant
portion of the total load. Under these conditions, certain amounts
of wind powers are curtailed to ensure necessary power balance
[3].

Energy storage systems provide an appropriate option to cope
with intermittences and fluctuations of the wind power by storing
or releasing energy immediately in response to the system needs.
At present, energy storage technologies that can support wind
power integration include pumped hydro storage, compressed air
energy storage, battery energy storage and so on [4-18]. Among
these energy storage technelogies, batteries which have very rapid
response time (<s), small self-discharge loss and high round-trip
efficiency attached more and more attentions. If a wind farm (WF)
is integrated with battery energy storage systems (BESSs), it can
follow desired power schedules and even provide frequency
response like a conventional power plant to some extent [7, 8]. Up
to date, many demonstration projects with respect to wind-BESS
hybrid systems ( W-BESS-HS) have been built and operated [9].

At the same time as the projects are demonstrated, how to
operate a W-BESS-HS in a better performance becomes a research
focus [10-18]. In [10, 11], a BESS was incorporated into a WF to
enable the WF to generate as certain power schedules
predetermined according to wind power forecasting results. In
operations, wind powers always fluctuate randomly around
predetermined power schedules. Under this circumstance, the
BESS will alternate between the charging and discharging states
frequently, and consequently it will shorten the BESS lifetime.

IET Gener. Trartsm. Distrib., 2018, Vol. 12 Iss. 20, pp. 4435-4442
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Since batteries are still expensive, extending battery lifetime is of
great importance when we operating a W-BESS-HS. The critical
factor of extending battery lifetime is to avoid frequent state
exchanging of the BESS, i.e. ensure the batiery operates under full
charge—discharge circles as far as possible.

The approaches of extending battery lifetime generally fall into
two categories: one IS to optimisg operation strategy of the BESS
[t2, 13]; another is to update the topology of the W-BESS-HS [14-
18]. In [12], the desired power schedules were predetermined
according to maximum or minimum levels of wind power during
following dispatching intervals (DIs} to make the BESS undergo
full charge-discharge circles. Yuan et al. [13] took into account
battery operation costs when eptimising operation strategies of the
BESS, accordingly the BESS were forced to undergo full charge—
discharge circles for reducing battery operation costs. Yao et al.
[14, 15] designed a W-BESS-HS with dual-BESSs topelogy, in
which one BESS is charged by wind powers, and another
discharges to grids according to certain output schedules. In [16-
18], another topology of the W-BESS-HS was presented, in which
two BESSs are, respectively, utilised to compensate positive and
negative power deviations between wind powers and
predetermined power schedules. Obviously, the dual-BESSs
topology can ensure the battery operates under full charge-
discharge circles easily but will lead to more BESS capacity
requirements. At present, batteries are still expensive, so the single-
BESS topelogy is adopted in present work. In order to aveid
frequent state exchanging of the BESS. the BESS operation is
strictly subject to a sequential charging/discharging state sequence,
which is determined in advance according te fime-of-use (ToU)
pricing schemes [19]. In present work, the ToU pricing scheme is
extended from power consumer side to power generation side, i.e.
electricity selling prices also vary with periods, offering the W-
BESS-HS an opportunity te gain more profits by shifting energy
over time through the BESS.

In literatures listed above, only cne specific application purpose
was considered in each paper when controlling the BESS.
However, batteries are still rather expensive, so dispatching the

4435
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On Generation Schedule Tracking of Wind Farms
With Battery Energy Storage Systems

Xinsong Zhang, Yue Yuan, Member, IEEE, Liang Hua, Yang Cao, and Kejun Qian

Abstract—This paper is based on an idea that battery energy
storage systems (BESSs) are integrated into wind farms (WFs)
thus to enable the BESS-integrated WFs to inject energy into
power grids as certain generation schedule determined previously
according to wind power fluctuations and BESS characteristics. It
is proposed in the paper that the BESS is divided into two parts
and controlled independently to compensate stochastic power
deviations between wind power and the predetermined generation
schedules. Sequential Monte Carlo simulation technology is
utilized to simulate operations of the BESS-integrated WF during
a year. Technical performances on generation schedule tracking
together with benefits, costs, and profits attributed to the BESS
are subsequently quantified by a series of indices proposed in
this paper. Simulations on a certain WF show that the proposed
methodology Is effective and BESS profits can completely cover the
cost regardless of the state exchanging strategy, Simulation results
also show that the charging/discharging state exchanging strategy
of the BESS has significant impacts on the BESS-integrated WE,
The proposed work in this paper can provide theoretical support
when designing a BESS-integrated WF,

Index Terms—Battery energy storage systems (BESSs), power
generation schedule tracking, sequential Monte Carlo simulation,
state exchanging strategy, wind power fluctuation.

NOMENCLATURE
P, Qutput power of the wind farm (WF).
B, Charging/discharging power of the battery energy

storage systems (BESSs),

P, ppss Output power of the BESS-integrated WE.

Pr Forecasted wind power of the WE

T Stochastic variable that denotes per unit value of
wind power in the versatile distribution,

a, 3.9 Shape parameters of the versatile distribution.

F Submitted power generation schedule,
Een Expected charging energy during a dispatching
interval (DI).
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Expected discharging energy during a DI
Length of DL

Battery efficiency parameter.
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Real wind power at DI{,

Desired injected power at DI J fixed by the gen-
eration schedule.

Power deviation between P, ; and P, ;.
Minimum allowable value of battery state-of-
charge (5OC).

Maximum allowable value of battery SOC.,

SOC of BESS T at DI /.

SOC of BESS Il at D1 4.

Rated charging power of the BESS with unit
capacity.

Rated discharging power of the BESS with unit
capacity.

Capacity of the BESS.

Charging/discharging efficiency of the BESS.
Maximum allowable charging power provided by
BESS Iat DI .

Maximum allowable charging power provided by
BESS Il at DI i

Maximum allowable discharging power provided
by BESS I'at DI 7.

Maximum allowable discharging power provided
by BESS Il at DI i

Charging/discharging power of BESS l at DI 4.
Charging/discharging power of BESS [T at DI 4.
Curtailed wind power at DI 4.

Injected power of the BESS-integrated WE.
Income of the BESS-integrated WF at DI /.
Income of the WF at DI 4.

Electricity price.

Price when the BESS-integrated WF is penalized
due to the power deviations between the injected
power and desired generating schedule.

Value of index probabilities of generating sched-
ule tracking (PGST).

Value of index expected injected energy devia-
tions (EIED).

Number of D1 during the studied time horizon.
Probability of the event given in the brace.
Operation benefits of the BESS (OBB) of the
BESS-integrated WF.

Costs of the BESS (OCB) of the BESS-integrated
WF.

Operation profits of the BESS (OPB) of the
BESS-integrated WF.
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Wind Power Accommodation Capability of Large-scale Interconnected Power Grid
Based on Equivalent Aggregation Method

CAO Yang', LIU Chun’, HUANG Yuehui®, ZHANG Xinsong’, LI Xisofei’, YUAN Yue'
(1. College of Energy and Electrical Engineering, Hohai University, Nanjing 210098, China; 2. China Electric Power Research
Institute, Beijing 100192, China; 3. School of Electrical Engineering, Nantong University, Nantong 226019, China)

Abstract: The global energy internet is the base platform for exploitation and utilization of clean energy at large scale,
however, the computational complexity and difficulty in wind accommodation will be increased significantly. Conse-
quently,we propose an equivalent aggregation method so that the fast simulated execution speed can be achieved by
equivalent aggregation of grids, conventional power units, and wind farms, Thereby, a medium-and long-term wind power
accommodation model with a consideration of wind curtailment factors which conforms to our country national condition
is proposed. Simulations are conducted on an actual regional power system in northeast part of China, and the results have
validated the proposed model and corresponding solving algorithms. Finally, some effective measures to improve the
wind power accommodation capability are put forward by the simulation results. The presented optimization results pro-
vide effective guidance for the medium- and long-term planning and dispatching of the power system with large-scale
integrations of wind farms under the background of global energy intemet.

Key words: energy internet; equivalent aggregation; time sequence production simulation; wind power accommeodation
capability; planning and dispatching of the power system
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Modeling and Scheduling for Battery Energy Storage Station With

Consideration of Wearing Costs
ZHANG Xinsong'. YUAN Yue', CAO Yang’

11. College of Electrical Engineering, Nantong University, Nantong 226019, Jiangsu Provinee. China:

2. College of Energy and Electrical, Hohai University, Nanging 21009%, Jiangsu Provinee. China)

ABSTRACT: In order to improve inlegration benefit of wind
power and decrease wind power curtailment, battery energy
storage station (BESS} is incorporated into electrical power
systemns. A BESS dispatching characteristic model was built
with wearing costs estimated according to investing costs and
numbers of charging-discharging cycles. A BESS dispatching
model was subsequently proposed with reserve capacities
provided by wind powers considered. In some scenaries,
certain parts of wind powers were forced curtailed, so
scheduling models presented here had two optimization
objects, i.e. minimum operation costs and maximum integrated
to address

were respectively  fuzzed with

wind power. In order this problem, two
sub-optimization objects
membership functions, and a single-object optimization
formulation based on maximum satisfaction degree was
presented, CPLEX solver in GAMS software was utilized to
solve the scheduling model presented here. Simulation tests
based on certain real provincial power system located in
Northeast China show that BESS incorporation can improve
wind power integration capacity remarkably and dispatching
based on maximum satisfaction degree can achieve more

reasonable schedules.

KEY WORDS: battery ecnergy storage station (BESS);
modeling of dispatching characteristics; wearing costs; wind

power integrations; maximum satisfaction degree
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