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Abstract: A variable charge/discharge time-interval (T, p) control strategy of a battery energy storage system (BESS)
for wind power dispatch is proposed in this paper, aiming at: 1) extending the BESS life, 2) reducing the total BESS
energy loss, and 3) increasing the dispatch tracking accuracy. A multifactor life model of a large-scale BESS containing
four factors, charge/discharge rate, times, Tc,p, and temperature, is developed, which has taken into account the cell
series/parallel effects and BESS operational characteristics. A comprehensive evaluation system including BESS aging
level (BAL), energy loss index (ELI), and tracking inaccuracy index (TII) is proposed, and the relationships between
Tc/p and the three indices are discussed. In order to combine the advantages of low BAL and low ELI under long T¢/p
and low TII under short T¢/p, a fuzzy controller is designed to regulate T¢/p in real time. The effectiveness of the

proposed control strategy is verified by actual data from a wind farm in eastern China.
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1. Introduction

Wind energy is considered to be one of the most promising renewable energy sources. However, wind farms
are difficult to be dispatched like conventional thermal power plants because of the fluctuant and intermittent
output power. Moreover, the high wind penetration level and the unbalance between supply and load will
adversely impact the stability of the system. Instead of maximum power point tracking, wind power has to be
curtailed for system security, in which case much energy is wasted [1].

The idea of applying a battery energy storage system (BESS) to mitigate fluctuation and intermittency
of wind power has attracted much attention [2-4]. Unfortunately, the limited battery life, the charge/discharge
energy loss, and the high installation cost restrict the application of BESS. Current studies mostly focus on
how to use BESS economically and effectively. In [5], for example, a method of planning and operating BESS
for wind power dispatch was presented. The authors carried out an economic analysis to address the feasibility
and profitability of the wind/storage system. In [6], a model predictive control scheme of energy storage was
proposed to solve the power deviations and to optimize the system economic revenue. However, these studies
chose the BESS life-year as a default value from experience rather than estimating BESS life based on theoretical
derivation considering the actual running conditions.

In most studies, the main control target of the BESS is to improve the grid-connection performance,
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rather than reducing the BESS aging level or its charge/discharge energy loss [7—14]. For instance, a two-
time-scale control approach for BESS was developed in [7,8] to smooth the wind power. In [9,10], the BESS
was controlled to make the wind power more dispatchable. In [11], an application of BESS was presented in
order to mitigate wind power variation, improve wind energy integration, and enhance voltage stability. As
for protection of the BESS, only several simple constraints have been taken into account, such as the current
limitation [12,13] and the state-of-charge (SOC) limitation [14,15]

Few research studies have addressed the control methods that postpone BESS aging effects considering the
variable load and complicated environment. To this end, a BESS life model needs to be developed. Meanwhile,
the life model can also be used to evaluate BESS control effects. Extended efforts have been made to develop
the battery life model [16-21], but few studies referred to large-scale BESS for fluctuant power applications.
A semiempirical life model for lithium ion cells was established based on a significant amount of experimental
data in [16]. In [17], the authors proposed a partially linearized life model for electric vehicle batteries. Unlike a
single cell or electric vehicle batteries, the storage capacity needed for wind power dispatch is very large, and so
it is hard to conduct enough experiments to test the BESS life under different conditions. In [18], a life model
of BESS in microgrid applications was developed by applying Peukert’s law for depth of discharge (DOD) and

cycle times. However, this model neglects the various charge/discharge rates and the series/parallel patterns
that affect BESS life.
This paper proposes a variable charge/discharge time-interval (T¢/p) control strategy of BESS for wind

power dispatch. The objectives of this control strategy are: 1) increasing the dispatch tracking accuracy, 2)
extending the BESS life, and 3) reducing the BESS energy loss. To this end, 3 evaluation indices including
tracking inaccuracy index (T1I), BESS aging level (BAL), and energy loss index (ELI) are defined. A multifactor
life model of the BESS containing four factors, charge/discharge rate, times, T¢/p, and temperature, is
developed, which has taken into account the cell series/parallel effects and the characteristics of the BESS
for wind power dispatch. After discussing the relationships between Tz,p and the 3 indices, we design a fuzzy
controller to regulate T¢/p in real time in order to solve the problems of short BESS life and high energy
loss under short T/p and low tracking accuracy under long T, p. The effectiveness of the proposed control

strategy is verified by actual data from a wind farm in eastern China.

2. Evaluation indices of BESS for wind power dispatch
2.1. BESS control modes and the tracking inaccuracy index

Wind farms are difficult to be dispatched like conventional thermal power plants because of the fluctuant and
intermittent output power, which will adversely impact the stability and reliability of the system. Therefore,
there is a need for dispatching the wind energy based on a reference power profile. This reference power profile
is the dispatch order P..f. P..r can be set as the average wind power output F,,, during the dispatch period
Ty:

Prep=a-Puy (a<l), (1)

where « is a charge/discharge balance coefficient considering BESS energy loss. The BESS can be controlled
to compensate the difference between F,..y and the wind power output Py,;nq, so that the total power injected

to the grid can track P,.; more accurately. Thus, the BESS output power P, is (P, > 0 when discharge, P, <
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0 when charge):

; (2)

P (apavg - Pwind)/ndy P’r‘ef > Pwind
b =
aPavg - Pwinda PT'ef < Pwind

where 14 is the BESS discharge efficiency. Moreover, the SOC of the BESS should be restricted in (SOC in ,
SOCmax)- Pomaz,ch denotes the maximum allowable charge power of the BESS, and Py dsc represents the
maximum allowable discharge power. The rated capacity, the charge efficiency, and the voltage of BESS are
Clrateds Md, and up, respectively. Therefore, P, should comply with the following constraints:

Pb > (SOC - SOCmax)Cratedub/(TC/Dnc)a Pref < Pwind
Pb < (SOC - SOCmin)CTatedub/TC/D7 Pref > Pwind . (3)
Pb max,ch < Pb < Pb max,dsc

Tc/p is the BESS charge/discharge time-interval, which is the duration of each control operation of BESS, i.e.
the duration of P,. Because of the BESS constraints and the wind power variability, the combined output of
the wind farm and the BESS does not always track P,..; accurately. Hence, the question is how to control the
BESS to improve the dispatch tracking accuracy. There are 2 BESS control modes according to the way T/ p

is determined:
1) Fixed T/p control (FTC) mode: in this mode, every charge/discharge operation of the BESS lasts

the same amount of time. The impacts of T;;p on BESS control effects are discussed in Section 3.1. The
dispatch tracking accuracy will be higher when the T/ is shorter, but the high frequency of charge/discharge
will have an adverse effect on BESS aging level and energy loss, and so it is important to make a good choice
of Te/p.

2) Variable T¢/p control (VTC) mode: in this mode, the duration of the BESS control window is
changing in real time so as to improve the dispatch tracking accuracy, at the same time decreasing the BESS
aging level and energy loss.

TII is defined to represent the tracking performance of the total power injected to the grid P,,;q, which
shows the control effect of the BESS for wind power dispatch.

Pgrid - Pb + Pwind (4)

If the sampling period of wind power is Ty and the initial time is ¢y, then the TII of the ith sampling period
TII; can be defined as follows:

Pgrid(tO + 'LTs) - Pref(tO + 1T5)|

I
TII, = -
Proy(to +1iT5s)

x 100%. (5)

From the above equation, it is obvious that a smaller TII indicates higher dispatch tracking accuracy. Therefore,

if TII is small, risks of reliability, stability, and economic penalties and energy wasted will be reduced.

2.2. The index of the BESS aging level (BAL)

The lithium ion battery is one of the most widely used storage batteries in large-scale applications. From the
view of electrochemistry, the formation of the solid electrolyte interphase should be responsible for the battery
aging, which leads to capacity fade and impedance rise [19]. From the external characteristics, there are a

variety of factors that influence battery aging, such as charge/discharge rate, DOD, and temperature.
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2.2.1. Ah-throughput life model

“Cycle life” is often used to describe the life of the BESS, which is the total number of cycles before batteries
reach the end of life (EOL) under standard test conditions when fully charged and discharged at a constant rate.
However, in wind power dispatch applications, the BESS is not charged or discharged at regular and repeating
intervals. In this case, the BAL is mainly associated with its Ah-throughput, which is the total quantity of
charge throughout the BESS life [20].

The rated capacity Cprqteq (Ah) and cycle life N (cycles) of the BESS are given by the manufacturer. A
complete full cycle consists of two parts: a complete half cycle of charge and a complete half cycle of discharge.
The Ah-throughput of each complete half cycle is Ciqeq. Therefore, the total expected Ah-throughput C
before EOL is supposed to be:

C =2N - Crated- (6)
The BESS is charged or discharged based on the power and time instructions given by the BESS controller.
For example, the kth power-instruction P is the kth charge/discharge output power of BESS, and the kth
time-instruction Tg /D is the kth charge/discharge time-interval as well as the duration of PF. Thereby, the
kth Ah-throughput C* is:
_ IR T

<2, 7
b

Ck

where u’,j is the BESS voltage of the kth charge/discharge. In the Ah-throughput life model, the BESS aging
level BAL 43, is defined as follows:
K ok
BAL ), = k; & % 100% , (8)

where K is the charge/discharge times, or the number of half cycles. BAL 4;, = 0 represents that the BESS is
completely new, and BAL 4, = 1 represents that the BESS has reached its EOL.

The Ah-throughput life model is a simple linear model that can be easily calculated and applied, but it
neglects the factors that affect BESS life such as the variable charge/discharge rate, DOD, and temperature.

2.2.2. Multifactor life model
Capacity fade is an important characteristic that can show the BESS aging level. Based on the factors of
charge/discharge rate, cycle times, DOD, and temperature, the capacity fading rate of a single lithium ion cell

fsi can be expressed as follows [16]:

fsi = Biexp <_“1;Ta20> -(2M -DOD)?,i = 1,2,3, 4, (9)
where T is the absolute temperature, M is the number of cycles, R is the gas constant, C; is the charge/discharge
rate (C; = 0.5, Cy =2, C5 =6, Cy = 10), and B; is a coefficient with different C;. The parameters of B;, ay,
as, and z can be fitted based on experimental data. If the simulation results of fg; under various conditions
are in general agreement with the experimental data, the parameters of the above equation are reliable [16].
The BESS is composed of numerous cells in series and parallel to enlarge its capacity. The cells are

connected in parallel to get more current and connected in series to boost output voltage. This series/parallel
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pattern is designed to make every cell share the total Ah-throughput of the BESS equally. However, the great
number of cells connected in series and parallel can easily lead to unbalance in voltages and currents among
the cells and form circulation currents, which will have an adverse effect on BESS life. Therefore, the capacity

fading rate of large-scale BESS fr; can be deduced from Eq. (9) as:

NSOrated,S
NLCrated,L

( 2M x DOD)?,i = 1,2, 3,4, (10)

_ c,
sz‘—BiGXP< o1t ) :

RT

where Ng and Chrgeeq, s are the cycle life and rated capacity of a single cell, and Ny and Cirqtcq, . are the
cycle life and rated capacity of large scale BESS. The cycle life of a large-scale BESS is much smaller than a
single cell because of the series/parallel pattern, so in Eq. (10), Ng / Ny represents the intensified aging effect
resulting from unbalanced voltages and currents. In addition, Crate,s / Crate, 1 represents every single cell
sharing BESS total Ah-throughput equally.

The output power of the BESS for wind power dispatch is fluctuant irregularly due to the randomness
of wind energy. Thus, the charge/discharge rate and time-interval of the BESS are various in every half cycle,
but the life model of Eq. (10) is only suitable for the cycle mode in which 2M x DOD means the total
Ah-throughput. For wind power dispatch, the total Ah-throughput of the BESS can be described as:

o [P TE b 7] :
k; 20 < s <05i=1
K | pk|.Tk Pk .
=1 3 P o5 < I8l iz (11)
=1
&P TE b 7] »
kzl uy 2 < up Iy =6,i=3

where Ah; is the total accumulated Ah-throughput of the BESS under different charge/discharge rates, and
I ¢ is the rated current corresponding to 1 charge/discharge rate. A high charge/discharge rate is forbidden
for the protection of the BESS, so a charge/discharge rate over 6 is not taken into account. Combining Egs.
(10) and (11), in a multifactor life model the BESS aging level BAL,, is defined as:

3
—a1 + asC; NsCrate,s
BALn; =Y |B; : S AR | x 100%. 12

! _[ o (S ) (s Ay | < 00 12)

The multifactor life model of the BESS deduced from the capacity fading rate of a single cell has taken into
account the factors of charge/discharge rate, charge/discharge times, T/p, and temperature, as well as the

characteristics of a large-scale BESS for wind power dispatch. Therefore, it can be used to optimize the control
strategy of the BESS and evaluate the control effect on BAL.

2.3. The energy loss index
The charge efficiency 7. and discharge efficiency 7y of the BESS are provided by the manufacturers, so the

BESS energy loss of each charge/discharge control operation EL* can be described as:

1—mn.) x (=PHTE, . PF<0
EL’“:{( ne) X (=Fy) c/pr 'y (13)

(1—na) x PFTE, 1, PF >0
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ELI represents the total energy loss of the BESS normalized by the electricity production of the wind farm,

which is the integral of Py;,q times the corresponding time ¢:

K

1
ELlI = ——— Y ELF x100% . 14
j;f Pwindt ; 0 ( )

3. Variable T,p control strategy of BESS for wind power dispatch
3.1. Relationships between T ¢/p and the three indices

Since Pyinag is changing all the time while P, remains the same during the period of T¢/p, the length of
Tcyp has an impact on the tracking accuracy of wind power dispatch. The relationships between TII and
Teyp under different dispatch periods (7;) are shown in Figure 1 in the case that the BESS is controlled for
wind power dispatch in the FTC mode as mentioned in Section 2.1 and running continuously for 1 year. In
addition, the configuration of the wind/BESS farm is presented in Section 4.1. It can be seen that the longer
T, is, the higher TII will be, because the BESS will need more capacity and higher power to compensate the
difference between P,inq and P,..; when Ty is longer, and the limitations of SOC and P, result in the decrease
of dispatch tracking accuracy. However, no matter how long Ty is, the dispatch tracking accuracy will be higher

when T¢,p is shorter.

2571

20T

157

T (%)

107

% 3 6 9 12 15

Teyp (min)

Figure 1. Relationships between TII and T¢/p under different Tys.

BALp and BAL,,; corresponding to different T(z/ps are represented in Figure 2, in which case the
BESS is also controlled in FTC mode and running for 1 year. It can be seen that when Ty is 1 h, BESS
life conditions are the best, because when Ty is shorter, the charge/discharge rate and the total accumulated
Ah-throughput needed are smaller. However, a longer T, will lead to deficiency of BESS capacity and the BESS
will stop charge or discharge due to the SOC constraint. Consequently, the BESS aging process will be slowed
down when T, is too long, which is why BAL of T; = 6 h is better than that of 2 h. Regardless of T, the
longer Te/p is, the lower BALaj, and BALy; will be, because the high frequency of charge/discharge will

have an adverse effect on BAL.
The relationships between ELI and Tg,p under different Tj;s are shown in Figure 3 when the BESS is

also controlled in FTC mode and running for 1 year. As seen, with the extending of Tz,p, ELI is reduced

slightly. Thus, the longer Tz/p shows a better performance in terms of ELIL
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Figure 2. Relationships between BAL and T¢,p under different Tys.
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Figure 3. Relationships between ELI and T¢,p under different Tgs.

As mentioned above, the BESS is controlled based on the power instruction Pb’c and the correspond-
ing time instruction Tg /D" The BESS capacity fading rate BALfnf and energy loss ELF of a single

charge/discharge operation, which can also be seen as a half cycle, is calculated in Figure 4 when the BESS is

charged/discharged with the output power of PF for the time-interval of T, (’3 /D" It is evident that with the rise
of Pg’“, BAL’:R ¢ and EL* are both increased since the charge/discharge rate is higher and the Ah-throughput
of this half cycle is larger. With the same P}, the longer T(’} /D is, the higher BALfnf and EL* are, since

Ah-throughput during the longer Tg /D is larger.
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Figure 4. BALﬁ@f (left) and ELF (right) of a half cycle with different PFs and Té/D S.

3.2. Design of variable T¢,p fuzzy controller

The objectives of the proposed control strategy are: 1) extending the BESS life, 2) improving the BESS energy
efficiency, and 3) increasing the dispatch tracking accuracy. It was illustrated that T¢:/p has impacts on BAL,

ELI, and TII in certain patterns in Section 3.1, and so we come up with the idea of variable T/ p control. The

time interval of each charge/discharge operation Té? /D is chosen in real time in order to achieve the above three
objectives. The main principles of the determination of T (’j /p are proposed based on relationships between

Tcyp and the three indices as follows:

a) When the BESS power instruction P} is high, a shorter Tg /D should be chosen. Because the higher PF
has an adverse effect on BAL and ELI, a shorter Tg /p can shorten the duration of this adverse effect and

reduce Ah-throughput so as to extend the BESS life and improve the BESS energy efficiency.

b) Accordingly, a longer Tg /D should be chosen when Pbk is low.

c) When the dispatch tracking inaccuracy at the present TII* is high, the quality of Pyiq should be

considered first. In this case, a shorter Tg /D should be chosen, yet a longer Té? /p 18 forbidden for the

good of TII.

d) When TII* is low, which means that the performance of Pyriq meets the requirement, T(’j /D should be

chosen based on PF as mentioned in principles (a) and (b) for the good of BAL and ELL

In order to regulate Tg /D in real time, a fuzzy controller is designed based on the principles above.
Membership functions of the output and inputs are shown in Figure 5. The output of the fuzzy controller
isTg/D in a discrete domain (universe of discourse): Tg/D € {0.5, 1, 1.5, 2...14.5, 15} (min). The linguistic
terms of Tg /p are defined as {ZE, VS, MS, ML, VL} and their membership functions ercp are presented in
Figure 5a. There are 2 inputs, P and TII*, in this fuzzy controller. The universe of discourse of input PF is
a finite continuous domain, PF € [-24, 24] (MW), and the linguistic terms are {NH, NL, ZE, PL, PH} with the

membership functions ep presented in Figure 5b. The other input 7/I* is in an infinite continuous domain,
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TII* € [0, +00) (%), and the linguistic terms are {ZE, VL, ML, MH, VH} with the membership functions

errr presented in Figure 5c. The rules of this 2-inputs, 1-output fuzzy controller are shown in Table 1 based

on the aforementioned 4 principles.

VL

|

Figure 5. Membership functions of the output and inputs.

Table 1. Fuzzy control rules.

(c¢) TII*

TF
T NH | NL | ZE | PL | PH
ZE ZE | VL | VL | VL | ZE
VL ZE | ML | VL | ML | ZE
ML ZE | MS | ML | MS | ZE
MH ZE | VS | MS | VS | ZE
VH ZE | ZE | ZE | ZE | ZE

T b
(min)

TIr*

(%)

The defuzzification algorithm of the center of gravity [22] is employed to obtain the defuzzified output

valueTg /D> and it should be rounded due to the discrete domain:

1 =
Té/D = 5r0und(2 % Pl

2

[M]en

Il
-

6T117w(Tflk)eP,y(Pf)Tg/D,z,y

x

M er

1

Y

5
21 errr,e(TII®)ep, (PF)

(15)

where round (e) is the rounding function, z is the index of linguistic terms of input TII;, and y is the index

of linguistic terms of input P,f.
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4. Case study
4.1. Configuration of the studied system

A 60-MW wind farm in eastern China is employed in this study. It is equipped with a 6-MWh lithium ion
BESS. The configuration of the BESS is shown in Table 2.

Table 2. The configuration of BESS.

SOCmin | SOCmax | SOC(0) | Pymaz.dsc | Pomaz.ch | Te | Md | @
10% 90% 45% 24 MW 24 MW | 0.9 | 0.9 | 0.895

The 6-MWh BESS is composed of numerous 2.2-Ah cells in series and parallel. The cycle life of a single
cell is 10,000 cycles, its largest charge rate is 6, and the largest discharge rate is 10. After the cells are connected
in series and parallel, the cycle life of the large-scale BESS is 6000 cycles and the largest charge/discharge rate
is 4. Since a ventilation cooling system is equipped in the BESS, the temperature is supposed to be 25 °C

constantly. Some other parameters of the BESS life model are presented in Table 3.

Table 3. Parameters of BESS life model.

By By B; a as R z
31,630 | 21,681 | 12,934 | 31,700 | 370.3 | 8.314 | 0.55

4.2. Simulation results of the variable T¢/p control strategy

Performance of the wind/BESS farm applied with the proposed fuzzy VTC strategy from 1700 hours on 24
October 2012 to 0800 hours the next day is presented in Figure 6. In comparison, performance of the FTC
method for To/p of 4 min is also given in Figure 6. The sampling period Ts is 30 s, and the dispatch period Ty
is 2 hours. Figure 6a shows that with the help of the BESS, the FP.;q of both strategies can track P..; very
well, and the wind farm can be more dispatchable accordingly. The details during A1-A3 are magnified to be
more clearly seen in Figure 6b. It is obvious that the Tz/p of the FTC strategy is 4 min constantly. However,

the To/p of the VTC strategy varies based on the fuzzy control rules. For example, |P;| of A3 is very low
and Py.iq tracks Py with great accuracy in A3; therefore, a longest To,p of 15 min is chosen based on the
fuzzy rules. As for A2, |P,| is higher, but the tracking accuracy is also high, and therefore the T¢,p of A2
is just a little shorter than that of A3. In Al, |P| is relatively high, while the tracking accuracy is low, and
thus a shorter To/p of 8 min is chosen to reduce the TII of Al. It can be seen from Figure 6c that To)/p, the
duration of each P, is changing in real time in the VT'C mode, while the T¢,p of the FTC mode remains the
same. Figure 6d indicates that the SOC of both strategies are within the limitations all the time.

The probability distribution of T/ p is shown in Figure 7 based on the sample data of the wind/BESS
farm applied with the VTC strategy in 2012. It is obvious that the probability is higher when T, p is 0.5 min,

6-8 min, and 15 min because of the design of T, g /D membership functions and the fuzzy control rules. Since
the number of rules where Tg /D is ZE is the largest, the probability of Tg /p to be 0.5 min is the highest,
which is up to 51%. Furthermore, the probability of Tél /p to be 15 min is also very high at a percentage of
29%, because the situation that |Py| < 3 MW and TII < 10% is very common.
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Figure 6. Performance of the wind/BESS farm applied with the VTC strategy.
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4.3. Comparisons between the fixed T¢/p control and variable T¢,p control

Comparisons between FTC and VTC in TII, BAL, and ELI are shown in Tables 4-6 when the wind /BESS farm
is running for 1 year with Ty of 1 h, 2 h, and 6 h, respectively. Eight T¢,ps among 0.5-15 min are selected in
the FTC mode and the proposed fuzzy controller is applied in the VTC mode. It can be seen from the tables
that the proposed fuzzy VTC strategy has combined the advantages of long BESS life and low energy loss when
Teoyp is long and high tracking accuracy when T/ p is short. As shown in the tables, TII of VTC is equal to
that of a short To,p (i.e. 4-6 min) in FTC mode, yet BAL and ELI of VTC are equal to that of a long T¢/p

(i.e. 12-15 min) in FTC mode, and thus the three indices are all optimized no matter how long Ty is.

Table 4. Comparisons between FTC mode and VI'C mode (Tq = 1 h).

FTC mode
Tcyp (min) [05 ]2 16 8 0 (12 |15 | Lo mode
TII (%) 0.19 9.74 11.91 | 13.27 | 14.70 | 15.57 | 16.69 | 17.92 | 12.59

BAL s, (%) | 13.67 | 13.37 | 13.15 | 12.95 | 12.84 | 12.57 | 12.32 | 12.06 | 12.21
BAL,,; (%) | 15.63 | 15.44 | 15.28 | 15.19 | 15.06 | 14.89 | 14.58 | 14.43 | 14.58
ELI (%) 1.2 1.18 1.16 1.14 1.13 1.11 1.09 1.06 1.08

Table 5. Comparisons between FTC mode and VI'C mode (T; = 2 h).

FTC mode
Top (win) [05 |2 1 6 8 0 (12 15 | VLComode
TIL (%) 2.20 | 10.06 | 11.82 | 13.00 | 13.96 | 14.94 | 15.90 | 16.93 | 12.53

BALp (%) | 16.62 | 16.42 | 16.27 | 16.14 | 16.00 | 15.89 | 15.75 | 15.56 | 15.64
BAL,,;(%) | 1754 | 17.43 | 17.33 | 17.25 | 17.17 | 17.12 | 17.02 | 16.90 | 16.96
ELI (%) 1.46 1.45 1.43 1.42 1.41 1.40 1.39 1.37 | 1.38

Table 6. Comparisons between FTC mode and VI'C mode (Ty = 6 h).

FTC mode
Tcyp (min) [05 ]2 16 8 0 (12 |15 | VLCmode
TII (%) 17.77 | 22.36 | 23.41 | 24.08 | 24.78 | 25.47 | 26.02 | 26.75 | 23.69

BAL s, (%) | 13.86 | 13.78 | 13.70 | 13.62 | 13.55 | 13.55 | 13.43 | 13.38 | 13.39
BAL,,; (%) | 15.77 | 15.72 | 15.62 | 15.60 | 15.56 | 15.63 | 15.53 | 15.60 | 15.55
ELI (%) 1.22 1.21 1.21 1.20 | 119 | 119 | 118 | 1.18 | 1.18

Durable years of BESS applied with different control modes are presented in Figure 8, which are calculated
based on the data of the wind/BESS farm in 2012. The horizontal axis represents T¢/p of FTC modes and
the symbol ‘+’ represents BESS durable years in VI'C mode applied with the proposed fuzzy controller. In
the Ah-throughput life model, the BESS reaches EOL when BAL 4y is up to 100%, as shown in Figure 8a,
and in Figure 8b, BAL,,; in the multifactor life model is considered to be 40% when the BESS reaches the
EOL. Comparing the two figures, durable years of the multifactor life model are shorter than that of the Ah-
throughput life model, but the variation tendencies of the two life models in different control modes are almost
the same. The wind powers dispatched with different Tys are shown respectively, and it can be seen that no
matter how long Tg is, the durable years of BESS in VTC mode are equal to that of a long T /p (i.e. 12-15

min) in FTC mode; thus, the BESS life has been extended by means of the proposed VTC strategy.
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Figure 8. Durable years of BESS applied with different control modes.

Probability distributions of T'11; in different control modes are shown in Figure 9. It is obvious that the
probability that T11; < 10% is very high, which means that Py,;q can track P,.; accurately most of the time.
The probability that T71; < 10% in VT'C mode is improved slightly compared with that of T, p being 15 min
in FTC mode. Meanwhile, the probability that T11; > 30% in VT'C mode is very low, almost equal to that of
Tcyp being 2 min in FTC mode.

100

%0 I rTC mode: 2 min
e I FTC mode: 15 min
:>f 60 Il VTC mode
E
<
S
£ 40

20

0

0~10 10~20 20~30 >30
TIL; (%)

Figure 9. Probability distributions of TII; in different control modes.

5. Conclusion
In this paper, three indices of BESS (TII, BAL, and ELI) are defined for wind power dispatch, and the

relationships between T;,p and the three indices are discussed, based on which a fuzzy variable T¢/p controller

is designed. According to the results of the case study, we can come to following conclusions: 1) The BESS can
improve the dispatch tracking accuracy of the wind power. Meanwhile, the shorter the T/ p is, the lower the

TII will be. 2) BAL,,; from the proposed multifactor life model of BESS is a little higher than BAL 45, from
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the Ah-throughput life model, but their variation tendencies in different control modes are almost the same. 3)

The

longer the T /p is, the lower BAL and ELI will be. 4) The length of Ty can affect the performance of

the BESS. 5) No matter how long T} is, TII of VTC is equal to that of a short T¢:/p (4-6 min) in FTC mode,
and BAL and ELI of VTC are equal to that of a long T¢/p (12-15 min). Therefore, the proposed fuzzy VTC
strategy has combined the advantages of long BESS life and low energy loss under long T¢/p and high tracking

accuracy under short T/ p .
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