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Power allocation method of
battery energy storage system
considering state balance in
smoothing photovoltaic power
fluctuations
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Vehicle Charging/Battery Swap, Beijing, China, *State Grid Hebei Electric Power Co., Ltd. Xiongan New
District Power Supply Company, Baoding, Hebei, China

Aiming at the imbalances of SOC (state of charge, SOC) and SOH (state of
health, SOH) for battery energy storage system (BESS) in smoothing
photovoltaic power fluctuations, a power allocation method of BESS is
proposed. Firstly, the hierarchical structure of the power allocation method
is given, including acquisition of the grid-connected photovoltaic power
reference and double-layer power allocation strategy for BESS. Secondly, a
swing door trend algorithm optimized by the improved Aquila optimizer is
devised and used to deal with the raw photovoltaic power to obtain the grid-
connected signal. Next, the dynamic grouping principle considering the SOC
and SOH of battery units is devised, and the double-layer power allocation
method of BESS is designed in terms of the dynamic grouping results of battery
units. Finally, the proposed power allocation method is simulated through
actual data, and the results compared with other methods show that it can
smooth photovoltaic power fluctuations more effectively, and the SOC and
SOH can be balanced more quickly and accurately, which verifies its
effectiveness.

KEYWORDS

smoothing photovoltaic power fluctuations, battery energy storage system, improved
Aquila optimizer, state balance of battery units, power allocation

1 Introduction

Photovoltaic power generation has the characteristics of no pollution, no noise, and
renewability, and it has attracted more and more attention around the world (Sharadga
et al.,, 2020). The fluctuations of photovoltaic power caused by the random variations of
solar radiation and ambient temperature will bring a significant challenge to the reliable
and stable operation of the power system (De la Parra et al., 2015) (Dong et al., 2020). At
the same time, it is not conducive to the increase in renewable energy consumption
(Jaszczur et al,, 2021) (Jaszczur and Hassan, 2020). The battery energy storage system
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(BESS) has a fast and flexible capability in power regulation.
Configuring a BESS for a photovoltaic power station can suppress
the fluctuations of grid-connected photovoltaic power effectively.
It can also increase the grid-connected capacity of photovoltaic
energy and reduce the operating pressure of the power system
(Rana et al., 2022) (Khezri et al., 2020).

To reduce the fluctuations of grid-connected photovoltaic
power, it is first necessary to obtain the grid-connected
photovoltaic power reference in terms of the grid-connected
standard on the photovoltaic power. The current research is
carried out mainly based on various filtering algorithms and
other algorithms. The moving average algorithm and the double
moving average algorithm are used in (Jiang and Hong, 2012)
and (Prasad et al,, 2022), respectively. The low-pass filtering
algorithm considering the state of charge (SOC) of the energy
storage system is designed in (Huixiang et al., 2020) and (Syed
etal., 2020). However, the low-pass filtering algorithm has a delay
problem that is difficult to overcome. Another difficulty directly
affecting the inhibition of the power fluctuations is the selection
of the time constant in the low-pass filter. A fixed-order empirical
mode decomposition is devised in Liu et al., 2022, but it does not
fully consider the volatility of the photovoltaic power, and the
large fluctuations exist sometimes. An optical storage model is
proposed to suppress the power fluctuations and corresponding
control methods is devised to solve the intermittent output of
new energy for grid connection. In the model, the constraints of
charging and discharging the energy storage module fail to take
the battery units SOC into account, which is not conducive to
protecting the energy storage device (Abdalla et al, 2021)
(Othman et al., 2020). Therefore, the above studies based on
various filtering algorithms only have a relatively limited effect on
suppressing the fluctuations of photovoltaic power. More
importantly, the imbalances of SOC and state of health (SOH)
among battery units have not yet been considered, which
weakens the schedulable potential and is unable to reduce the
life loss of BESS in power regulation.

Aiming at the problem of the SOC imbalance of battery units
when BESS smoothing the fluctuations of photovoltaic power,
most of the existing studies are to achieve the SOC balance by
changing the power regulated by the battery units (Al et al,
2021) (Morstyn et al,, 2014). An energy management scheme
considering the SOC balance is proposed in Ali et al., 2021 based
on a multi-agent system, where each energy storage unit is used
as a controllable agent, and the active power reference of each
energy storage unit is adjusted in proportion to the level of the
SOC to reduce the SOC imbalance. A distributed cooperative
control method is designed in Morstyn et al., 2014. It changes the
charging and discharging behaviors of multiple battery units to
ensure that the SOC among all battery units tends to be
Although  the
outstanding contributions

above solutions have made
to the balance of the SOC
among battery units, there is still a problem of the low
balance in SOC.

consistent.
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Additionally, achieving the balance of SOH among battery
units can prolong the lifetime of BESS. A life cycle model for the
battery unit is established in Weng et al., 2013. It is optimized by a
public dataset, and a balancing system is constructed based on
the model. The power allocation scheme redistributing the
output current into each battery unit according to their SOH
state is designed in Goh et al., 2022 to achieve the balance in SOH.
A SOH-awareness balancing scheme is devised in Azimi et al,
2022 by reducing the load current of the battery units with lower
SOH. A prediction model and SOH balancing scheme are created
in Shili et al., 2016 to compensate for the aging difference of the
battery units by generating the voltage dispersion and balancing
the aging speed of each battery unit. Finally, the maximization of
the lifetime through balancing the SOH is achieved. Although the
composite control system of the combined power generation
system proposed in the literature can adjust the output of the
energy storage system according to the demand, the strategy is
limited to the degree of mitigation of photovoltaic fluctuations,
and the battery units SOH is not considered (Shen et al., 2020)
(Parlikar et al., 2021). The optimization strategy of the optical
storage model proposed in the literature is based on the charge
and discharge protection of the energy storage module, but it
does not consider the number of charge and discharge times and
costs of the energy storage module, and it does not improve the
system’s consumption of photovoltaic resources (Kroposki et al.,
2020) (Victoria et al, 2021). A simplified SOH balancing
topology is proposed in Farahani, 2021 to achieve the balance
of the SOH in the battery units within a battery group. However,
the SOH balancing scheme as mentioned earlier can only achieve
the SOH balance among the battery units inside a single battery
group. It cannot achieve SOH balance of all battery units for the
whole BESS.

Based on the analysis above, few studies have considered
reducing the life loss through the simultaneous improvement of
the consistencies of SOC and SOH among battery units in
smoothing the fluctuations of photovoltaic power with BESS.
The main contributions of the research can be summarized as
follows:

1) For the relatively weak performance of the current research to
reduce the fluctuations of the photovoltaic power, a Swing
Door Trending (SDT) algorithm optimized by the improved
Aquila Optimizer (IAO) algorithm is proposed, which is
called the TAO-SDT algorithm. The IAO-SDT algorithm is
used to extract the characteristic data points of the
photovoltaic power to obtain the grid-connected power
reference of the photovoltaic power station.

2

~

Aiming at the low consistencies of SOC and SOH among all
battery units during operation, a dynamic grouping method
that considers SOC and SOH in all battery units
simultaneously is proposed. The dynamic grouping time is
determined by the standard deviation of the SOC among the
battery units. Whether the SOH of each battery unit deviating
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FIGURE 1
Hierarchical structure and implementation process of this study.

from the predetermined range is used to divide the battery
group. If the SOH of one or more battery units deviates from
the predetermined range, the battery units are divided into
three groups: The priority charging group, the priority
discharge group, and the outlier group. Otherwise, they are
divided into two groups: The priority charging group and the
priority discharging group.

3) Based on the dynamic grouping results of battery units, the
double-layer power allocation method of BESS is designed.
The action sequence of the battery groups depends on the
positive and negative values of the power regulation reference
of BESS. Then, the power regulation reference undertaken by
each battery group is distributed from the power regulation
reference of BESS, where the power allocation in upper-layer
from BESS to the battery groups is achieved; then, the power
regulation reference of the battery groups is allocated to the
battery units inside the battery groups in terms of the
principle of maximum charge/discharge power or the
principle of SOC balance, and the power allocation in the
lower-layer from the battery groups to the battery units is
conducted.

The operating data of a photovoltaic power station is used to
verify the proposed method. The simulated results show that the
proposed method, compared with other approaches, minimizes
the fluctuation rate of the grid-connected photovoltaic power,
and further improves the balances of SOC and SOH among
battery units.

The organizational structure of the rest of this study: Section
2 introduces the hierarchical structure and the implementation
process of the proposed method; Section 3 presents the TAO-SDT
algorithm to obtain the grid-connected photovoltaic power
reference; Section 4 devises a double-layer power allocation
strategy based on the dynamic grouping technology; Section 5
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conducts the simulation verification; Section 6 summarizes the
main conclusion.

2 Hierarchical structure and
implementation process

Figure 1 gives the hierarchical structure and the implementation
process of this study. It shows that this study includes the two main
contents:

1) Acquisition of the grid-connected photovoltaic power
reference: The TAO algorithm is presented to speed up
the convergence speed and enhance the optimization
accuracy, and it is used to optimize the compression
offset of the SDT algorithm; the IAO-SDT algorithm is
applied to extract the characteristic data points from the
raw photovoltaic power; the grid-connected photovoltaic
power reference is obtained by connecting these feature
data and it is also used to be compared with the raw
photovoltaic power to get the power regulation reference
of BESS.

2) Double-layer power allocation strategy for BESS: The
dynamic grouping time is determined by the standard
deviation of the SOC among the battery units, and the
SOH of the
predetermined range is used to divide the battery group;

each battery unit deviating from
the action sequence of the battery group is determined by
the power regulation reference of BESS, and then double-layer
power allocation from BESS to battery units is realized;
eventually, every battery unit responds to its power
regulation reference, and the whole process of the power
regulation of BESS assisting the photovoltaic station is
completed.
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3 Acquisition of grid-connected
photovoltaic power reference based
on IAO-SDT algorithm

3.1 Principle and deficiency of SDT
algorithm

The SDT algorithm proposed by Bristol in 1990 (Bristol,
1990) has been effectively applied in the wind power ramp events
and the SCADA system data compression due to its high
compression ratio, fast execution speed, and controllable error
(Cui et al,, 2015) (Mah et al., 1995). SDT is a linear segmented
algorithm, simple in calculation, small in compression and
reconstruction, small in storage space and fast in operation, so
it is widely used in industrial engineering practice. When
processing the field data, the use of SDT algorithm can
significantly decrease the demand for storage space and
the in the
Meanwhile, it can measure the value of some points and

reduce possibility of congestion network.

improve the performance of the control system. The

implementation steps of the SDT algorithm are as follows:

Step 1: Initialization.

t -t )
ks = x1 — (x—E)
2d t—to

where ty and x, are the initial moment and the corresponding
data value, respectively; tiand x,are the first moment and the
corresponding data value, respectively; kigand kg are the initial
values of the upper and lower pivot gate slopes, respectively; E is the
compression offset.

Step 2: Calculation of the slope.

k _ % — (x5 + E)
! ti— 1t
K _ %~ (x— E) @
, = kT
ti— 1t
j k

where tjand x; are the jth moment and the corresponding data
value, respectively; ¢, and x; are the kth moment and the
corresponding data value, respectively.

Step 3: Updating the slope.

kg = max {k;, k4} 3)
kyq = max {k;, k,q}

Step 4: Extraction of feature data.
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kia =k

(4)

If Eq. 4 is satisfied, the data value at the last moment is
recorded as the feature data, and it returns to step 2; otherwise, it
returns to Step 3.

In this study, the raw grid-connected photovoltaic power
data at 5 min intervals over one-day-ahead 24 h is selected. The
SDT algorithm is used to extract the feature data, and the grid-
connected photovoltaic power reference curve is obtained by
connecting the extracted feature data. It is worth noting that the
compression offset E in the SDT algorithm directly affects the
extraction result of the feature data. If selecting a larger E, fewer
feature data will be extracted. Therefore, a suitable E is so
essential that the IAO is used to find the optimal value E.

3.2 Improved aquila optimizer

The Aquila Optimizer (AO) was proposed in 2021
(Abualigah et al., 2021), and it is inspired by the behavior of
the eagles in capturing prey in nature. The optimization process
of the AO is represented by four methods: the search space
selected by the high soaring of vertical diving, the exploration
within the diverging search space by the profile flight of the short
glide attack, the exploitation of the convergent search space by
the low flight of the slow descent attack, and finally diving on foot
and catching the prey. The specific steps are as follows:

Step 1: Selection of a search space.

X, (14 1) = Xpex (1) X (1 - NL> + (X ()

max

- Xbesl (n) xrand > (5)

Xy (1) = %Zilx,-,(n),vj' =1,2,...,D 6)
where 7 is the number of iterations; X; (1 + 1) is the solution of
the next iteration of n, generated by the first search method;
Xbpest (1) is the optimal solution at the nth iteration; 7 and N pax
are the current iteration and the maximum number of iterations,
respectively; N is the number of Aquila individuals; Xy (n) is the
average value of the current solutions of all Aquila individuals at
the nth iteration; rand is a random value between 0 and 1; D is the
search variable dimension.

Step 2: Global search.
X, (n+ 1) = Xpest (1) X Levy (D) + Xg (1) + (y — x) X rand
(7
where X, (1 + 1) is the solution of X, for the next iteration of #,

generated by the second search method; Xy (1) is to take the
current solution in any Aquila individual in the nth iteration;
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Levy (D) is the Levy flight distribution function, and the
calculation equation is as follows:

Levy (D) = s x &;XR(n) + (y—x) x rand
v
(1 +B) x sin(nB/2) ®

TT[(1+p)/2] x B x 2D~

where the parameter s is selected as 0.01; u and v are random
numbers between 0 and 1, and the parameter 3 is 1.5; y; and y,
are used to represent the spiral shape in the search, and the
calculation is as follows:

y, =1 xcos(0) 9)
y, = x sin(6) (10)

where r and 6 are calculated as follows:

r=r +UXxD, (11)

0=-wxD,+0, (12)
3w

0, =5 (13)

where r, is a random value between 1 and 20; U is 0.00565; D; is
an integer between 1 and the dimension D of the search variable,
and w is 0.005.

Step 3: Local mining.
X3 (n+1) = (Xpest (n) — Xy (1)) x 8, —rand
+((UB - LB) x rand + LB) x §, (14)

where X3 (n+1) is the solution of the next iteration of #,
generated by the third method; §, and &, are both 0.1; LB is
the lower limit of the variables, and UB is the upper limit of the
variables.

Step 4: Reduction of the search area.

Xs(n+1) = QF X Xpest (1) — (G, x X (n) x rand)
- G, x Levy (D) + rand x G, (15)

2xrand—1

QF (n) = nT-Nmax) (16)

where X4 (n+ 1) is the solution for the next iteration of n,
generated by the fourth search method; QF is the quality
function to balance the search strategy; G, is the various
movement of the eagle tracking the prey during hunting,
and X(n) is the current solution at the nth iteration. To
speed up the optimization speed, the modified step size is

shown below:
G, =2 x rand -1 (17)

y:a1+a2><ln[a3—a4><n+\/a5+(a3—a4><n)2] (18)

where ay, a,, as, a4 and as are the step size parameters, and their
values are selected as 1.1, 0.2, 30, 1.5, and 1, respectively.
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Compared with existing optimization algorithms such as
Whale Optimization Algorithm (WOA), Sine Cosine
Algorithm (SCA), Slime Mould Algorithm (SMA), the AO
optimizer has faster optimization speed and higher
convergence accuracy under the same conditions (Abualigah
et al., 2021). Specifically, in the first and second steps of the
AO optimization algorithm, the larger search range makes it
possible to lock the optimal solution in a shorter time, and the
third and fourth steps make the AO optimizer obtain higher
optimization accuracy than other optimization algorithms in a
shorter time.

3.3 Acquisition of grid-connected
photovoltaic power reference

Firstly, the compression ratio Y, the sum of the errors C,;,
the power fluctuation rate V,, and the power reference Py
tracked by BESS are defined as follows:

Y-y 19)
Cue = - Lo 2o ()= B, ()] 20)
Vi 700 i crcsominlPo (1)
i, << omnP (D)} /P 21)
Py (£) = Py () - Py (1) 22)

where Nj is the number of extracted feature data points; N, is the
number of raw photovoltaic power data points; Py (t), Py (t), and
P,y (t) are the reference of grid-connected photovoltaic power,
the original power value, and the power reference of BESS at the
time t, respectively; t; is the ith time interval (10min for each
interval), and T is the scheduling period. Y, reflects the ability of
the SDT algorithm to compress the data; C,, characterizes the
demand for the capacity of BESS, and V, expresses the power
fluctuation rate of the photovoltaic power.

Then, combined with the requirement of evaluating the
fluctuations in Zilong Yang et al, 2019, the grid-connected
power at every 10min interval should not exceed 1/3. The
fitness function to solve the optimal compression offset of the
SDT algorithm optimized by the TAO algorithm is designed in
Eq. 23, and the constraint conditions are shown in Eq. 24:

minf =a,-Y,+a,-Cpp + a5V, (23)
{maxtigtsti+10min{Pg (t)} - mintggtﬁtﬁlOmin{Pg (t)}} < (1/3)PVN
(29)

where a1, a,, and a3 are the weights; P,y is the installed capacity
of the photovoltaic power station. In this study, the values of «;,
&, and a3 determined by the repeated experiments takes 110,
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FIGURE 3
Comparison of optimization process between IAO algorithm
and AO algorithm.

600, and 80, respectively. The output of the fitness function P, is
the grid-connected photovoltaic power reference.

To verify the superiority of the SDT algorithm optimized by
the TAO algorithm, the raw photovoltaic power is dealt with by
the proposed algorithm. The result is shown in Figure 2. It shows
that the maximum deviation between the raw power and grid-
connected power optimized by the SDT algorithm is 0.1474 MW
and meets the requirements of the fluctuations in Lixing LV
et al,, 2021, which means that the maximum charge/discharge
power of BESS is 0.1474 MW every time. It reduces the need of
the capacity for the BESS. The compression ratio Y, of the SDT
algorithm is 10%, because there are many zero-power data in the
raw photovoltaic power curve. The power fluctuation rate V,, of
the raw photovoltaic power data is 0.61%, but the power
fluctuation rate V, of the grid-connected power reference is
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TABLE 1 Result comparison between IAO-SDT algorithm and AO-SDT
algorithm.

Index IAO AO
Y./% 11 10
Coo/ MW 0.1474 0.1689
Val% 0.14 0.16

0.14%. It indicates that the IAO-SDT algorithm has a significant
effect on reducing the fluctuations.

The optimization process of the IAO algorithm and the AO
algorithm to search for the optimal solution is compared and
shown in Figure 3. It indicates that the IAO algorithm takes less
time than the AO algorithm to find a better optimal result.
Moreover, the comparative indexes between these the proposed
TIAO-SDT algorithm and the AO-SDT algorithm are shown in
Table 1. It displays that the SDT algorithm optimized by the IAO
algorithm outputs a lower fluctuation rate and reduces the
requirement of the capacity of BESS as well. Ultimately, the
IAO-SDT algorithm has a good optimization performance.

4 Dual-layer power allocation
strategy based on dynamic grouping
for BESS

4.1 Dynamic grouping technique

For BESS, when responding to the power signal, the power
signal is usually divided equally or distributed under a certain
proportion to the battery units. The coordination allocation of
battery units is not adequately considered (Lixing et al., 2021).
Furthermore, the current methods require every battery unit in
the battery group to participate in the response. So the dynamic
grouping approach of the BESS is designed to solve this problem.

When charging the BESS, the battery units with lower SOC
should be charged first. Contrarily, battery units with higher SOC
should discharge first. Consequently, the SOC of each battery
unit tends to be gradually consistent, and the charge/discharge
power and the left available capacity of the BESS could both be
maintained in good condition for the next cycle. The dynamic
grouping approach is designed as follows.

1) Determination of grouping time

After running for some time, the SOC of the battery unit may
change, so the grouping of the BESS will be adjusted after some
fixed time as usual. To improve the SOC consistency among the
battery units, the battery units in the battery groups are
dynamically updated in this study when the SOC standard
deviation 8; of one or more battery units is greater than the
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threshold value y, as shown in Eq. 25. y; could be flexibly set to
satisfy the various working conditions.

81 > yl (25)

2) Determination of grouping principle

Moreover, when dividing the BESS into the battery groups,
the dynamic grouping principle adopted by the current
research is designed only according to the SOC of battery
units. But the SOH of some battery unis may be gradually
reduced to its lifetime limitation, such as 80%, and these
battery units will have to be out of service (Chen et al,
2020). Hence, the grouping of the BESS in the study
considers the SOC and the SOH concurrently.

At the time of dynamic grouping, the SOH of the battery
units is first judged as whether deviating from the
predetermined range shown in Eq. 26. If the SOH of one or
more battery units deviates from the predetermined range, the
battery units are divided into three battery groups: the priority
charging group, the priority discharge group, and the outlier
group. These battery units whose SOH deviates from the
predetermined range belong to the outlier group. The
remaining battery units are ordered by the SOC from low
to high. The battery units with lower SOC are given to the
priority charging group, and the battery units with higher SOC
are assigned to the priority discharging group. The number of
battery units assigned to the priority charging group and the
priority discharge group is the same. If the SOH in any battery
unit does not diverge from the predetermined range, all
battery units are divided into two battery groups: the
charging group the
group. The method of how to assign the battery units into

priority and priority discharge

the two battery groups is the same as above.

Yy — 9,024 <SOH, < p, + 9,0, (26)

where g, is the average value of the SOH at the time #; §, is the
standard deviation of the SOH at the time ; y, is the weight
coefficient. With a larger y,, the SOH consistency among the
battery units will be worsen, and the SOC consistency among the
battery units will be better. Therefore, y, could be appropriately
determined under different working conditions.

3) Calculation of SOH

Currently, the calculation of the SOH can use the estimation
methods based on the capacity degradation or the internal
resistance increase (Guha and Patra, 2017). Since the capacity
change of the battery unit is easier to be measured during
operation (Meng et al., 2020), the calculation accuracy with
the method based on the capacity degradation is higher than
the latter, and it is used in the study to calculate the SOH of the
battery unit as follows (Li et al., 2017):
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Cu
SOH = C—M x 100% (27)

N
where Cy is the nominal capacity of the battery unit, andC,,y is
the discharging capacity measured at the mth measurement.

The estimation methods based on capacity degradation and
internal resistance increase are the most used in SOH estimation.
The residual capacity method is the SOH estimation method
used in the research, and it is also a widely used SOH estimation
method for battery units. In practice, the aging process of
batteries is quite complex, related to various factors such as
ambient temperature, discharge rate, and depth of discharge
(DOD). The literature (Ma et al., 2020) gives a specific
method for estimating SOH in practical engineering. The
calculation of SOH is as follows:

AS()Call_ min

SOH;, =
T ASOC;,

(28)
where ASOCgj;_ min is the minimum value among all average SOC
variation rates during relative SOH estimation progress, and
ASOC;; is the SOC change rate of the ith battery cell at the time .

4) Calculation of SOC and its constraints

SOC represents the remaining capacity of the battery units.
Accurate estimation of the SOC is of great importance in
describing the state of the battery units (Jiang et al., 2021).
Numerous methods could be used to estimate of the SOC of
the battery units, such as the open-circuit voltage method,
ampere-hour integral method, neural network, and Kalman
filter (Yu and Gao, 2013). Since the ampere-hour integral
method is simple in principle and easy to calculate, it is used
to estimate the SOC of the battery units in the study:

Py dt
SOC,; = SOC,, | + JPons

(29)
n

where SOC,,; is the SOC of the nth battery unit at the time t; Py,

is the charge/discharge power of the nth battery unit at the time t,

and it is positive when charging and negative when discharging;

C, is the maximum energy storage capacity of the nth

battery unit.

4.2 Double-layer power allocation
strategy

When the BESS responds to the power reference, the existing
methods generally ignore the state difference of each battery unit,
which leads to overcharge and over-discharge of some battery
units and affects the lifetime of the battery units. In addition, the
frequent and irregular response of the BESS may also reduce the
sustainable regulation ability in the next period. To minimize the
loss of lifetime and maintain the reasonable sustainably

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.965812

Zhang et al.

schedulable potential for the BESS, this study designs a double-
layer power allocation strategy for BESS in response to its power
reference. The sustainably schedulable potential means that the
SOC of the battery units in each battery group should be kept
within an optimal range to ensure that the charge/discharge
power of the BESS reaches the maximum in the next schedulable
cycle (Yu et al., 2011).

4.2.1 Battery group action sequence
determination and upper-layer power allocation
1) For the power allocation without the outlier group

When the SOH of all battery units stays within the
predetermined range, the battery units are divided into the
priority charging group, and the priority discharge group. The
operating state of the BESS is judged by the power regulation
reference Py.p, and the action sequence of the battery group could
also be determined. The power regulation reference P, is
distributed into the battery groups according to the maximum
charge/discharge power of the battery group and the action
sequence.

1) Power allocation in charge

If P, >0, the BESS needs to be charged, and the action
sequence of the two battery groups is from the priority charging
group to the priority discharging group. The maximum charging
powers of the priority charging group and the priority
discharging group are written as Pgemax and Pgdmay, respectively.

When Prp < Pgemax, only the priority charging group is
responsible for regulating the power reference. Then, the
secondary distribution of the power reference in the battery
units inside the priority charging group is realized according
to the principle of SOC balance, and the priority discharging
group do not need to run, where the principle of SOC balance will
be introduced in Section 4.2.2.

When Py}, > Pyemay, the priority charging group works with
the maximum charge power, and the priority discharging group
undertaking the left power adopts the principle of SOC balance
for power distribution in the battery units within the group.

2) Power allocation in discharge

If P}, <0, the BESS needs to be discharged, and the action
sequence of the two battery groups is from the priority
discharging group to the priority charging group.

When Py, > — Pgdmax, only the priority discharging group
undertakes the power regulation reference of BESS, and the
power distribution of the battery units inside the discharging
group is conducted by the principle of SOC balance. The priority
charging group does not need to run.

When P.y, < — Pgdmax, the priority discharging group works
with the maximum discharge power, and the priority charging
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group adopts the principle of SOC balance to complete the
remaining power distribution in the battery units within the

group.
2) For the power allocation with the outlier group

When the SOH of one or more battery units deviates from
the predetermined range, the battery units are divided into the
priority charging group, the priority discharge group, and the
outlier group. The operating state of the BESS is also judged by
the power regulation reference P}, and the action sequence of
the battery group can be determined. The power regulation
reference P,y is distributed into the battery groups according
to the maximum charge/discharge power of the battery group
and the action sequence.

1) Power allocation in charge

If P, >0, the BESS needs to be charged, and the action
sequence of the three battery groups is arranged as follows: the
priority charging group, the priority discharging group, and the
outlier group. The maximum charging powers of the priority
charging group and the priority discharging group are also
written as Pgemax and Pgdmax, respectively.

When Ppp < Pgemax, only the priority charging group
undertakes the power regulation reference of the BESS, and
the secondary power distribution into the battery units inside
it according to the principle of SOC balance; the remaining two
battery groups do not operate.

When Prp < Pgemax + Pgdmax> the priority charging group
works with the maximum charge power, and the priority
discharging group adopts the principle of SOC balance for
power distribution within the group; the outlier group does
not operate.

When Py, > Pgemax + Pgdmax, the priority charging group and
the priority discharging group both work with its maximum
charge power, and the outlier group adopts the principle of SOC
balance for left power distribution within its group.

2) Power allocation in discharge

If P,y, <0, the BESS needs to be discharged, and the action
sequence of the three battery groups is arranged as follows: The
priority discharging group, the priority charging group, and the
outlier group.

When P,y >
undertakes the power regulation reference of the BESS, and the

— Pgdmax, only the priority discharging group

power distribution inside its battery units according to the
principle of SOC balance; the remaining battery groups do
not operate.

When Py > — (Pgemax + Pgdmay), the priority discharging
group works with the maximum discharge power, and the
priority charging group adopts the principle of SOC balance
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TABLE 2 Power distribution principle for battery units in each battery group with different states.

Outlier group State Condition

No existence Charge (P,.,>0) Prb < Pgemax

Prb > Pgemax

Priority charge
group

Priority discharge
group

Outlier group

SOC balance Idle —

Max. charge power SOC balance —

Discharge (P,.,<0) Prb>=Pgdmax Idle SOC balance —
Prb<—Pgdmax SOC balance Max. discharge power —
Existence Charge (P.,>0) Prb < Pgemax SOC balance Idle Idle
Prb < Pyemax + Podmax Max. charge power SOC balance Idle
Pry > Pyemax + Podmax Max. charge power Max. charge power SOC balance
Discharge (P,.,<0) Prb2~Pgdmax SOC balance Idle Idle
Prp>=(Pyemax + Pgdmax) Max. discharge power SOC balance Idle
Prv<=(Pgemax + Pgdmax) Max. discharge power Max. discharge power SOC balance
-
Off-group | No existence | |  Existence |
State Charge Disharge Charge Disharge
- (T L A (—T T LA | A b PPty o T S
Condition | PPy || PPy || Pow>Pms || Pev<Pumax || ProPimn || | ) PPy [ TS
[N N B SR S S NL . D L. R B I G
— (KO T T T T T | S | S -0 (SR N ) |
Priority charge grop | SOC batance || M ShEe || e || $0Cbatmee || SOC balance || MOvehare || Maxcharge | oo ) Max. discharge || Max. discharge
| [ pewer i i oopewer [ power [1power o power
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FIGURE 4

Power distribution principle for battery units in each battery group with different states.

to complete the left power distribution within the group; the
outlier group does not operate.

When Py, < = (Pgemax + Pgdmax)s the priority charging group
and the priority discharging group both work with their
maximum discharge powers, and the outlier group adopts the
principle of SOC balance to complete the left power distribution
within the group.

The power distribution principles that the battery groups
should adopt under different conditions are summarized in
Table 2 and Figure 4, respectively.

4.2.2 Lower-layer power allocation

The lower-layer power allocation from the battery group to
the battery units inside it is completed by both the power
results in the wupper-layer and the

allocation power

distribution principle adopted by each battery group.
1) Principle of maximum charge/discharge power

The maximum charge/discharge power allocation means
that the battery unit participates in the power regulation

Frontiers in Energy Research

with its full charge/discharge power under reasonable
constraints.

2) Principle of SOC balance

Since the SOC of the battery units in a battery group may
differs greatly from each other during operation, it is anticipated
that the battery units with lower SOC will be charged firstly. The
battery units with higher SOC will be discharged firstly to realize
the relative balance of the SOC among the battery units. For this
reason, the arctan function is used to describe the charge/
discharge process of the battery unit to characterize its
charge/discharge capacity (Vicidomini et al, 2017). In this
study, the charge function fy, and discharge function fy;s are
set as follows:

f.4 (SOC,,) = 0.5-0.33 - arctan (2 - (SOC,, —0.5))  (30)
fais (SOC,,) = 0.5+ 0.33 - arctan (2 - (SOC,; —0.5))  (31)

When the battery group needs to be charged, the power
allocation approach of SOC balance is depicted as follows:
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TABLE 3 Comparison of various power allocation approaches.

Index Proposed method Approach-I (%) Approach-II (%) Approach-III (%) Approach-IV (%) Approach-V (%)

(%)
B 99.9 97.9 98.7 98.2 98.5 98.1
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FIGURE 5
Power allocation result for battery units.
TABLE 4 Comparison of SOC and SOH regulated by various approaches.
Index Proposed method Approach-I Approach-II Approach-III Approach-IV Approach-V
SOC standard deviation 0.0087 0.0102 0.0111 0.0116 0.0108 0.0110
SOC average value 0.304 0.322 0.312 0.309 0.308 0.310
SOH standard deviation 6.8817e-05 7.46e-05 8.42e-05 8.82e-05 7.35e-05 8.10e-05
SOH average value 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999
) Py ) Py
: = - VijeN (32) : = Y VijeN* (33)
fan (SOCLH) f ch(socj,t—l) S ais (SOCLH) f dis(sOCj,t—l)
where Py, and Pyyj; is the power reference assigned into the
ith battery unit and the jth battery unit at the time t, 4.2.3 Battery unit responding to power reference
respectively. After the power regulation reference is assigned to the battery
When the battery group requires to be discharged, the power units, they should respond to the power reference separately
allocation approach of SOC balance is written as follows: under some constraints.
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(A) Tracking results of the power references by the battery
units. (B) Tracking result of the power reference by BESS for
proposed approach. (C) Tracking result of the power reference by
BESS for approach-IV. (D) Tracking result of the power
reference by BESS for approach-V.

1) Maximum charge/discharge power limitation
When the battery unit participates in the power regulation, the

high-rate charge/discharge method is generally not used, so the power
allocated to the battery units must meet the following constraints:
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Prbn >Pbmaxn
Pbminngprbnspbmaxn
Pr»bn<Pbm.i.nn

Pbmax n>
Pr-bm

Pbmin n

an,t = (34)

where P, is the power allocated to the lower-layer of the nth
battery unit; Ppmaxn and Ppminn are the maximum charging
power and the maximum discharging power of the nth battery
unit, respectively.

2) SOC limitation

During the operation of the battery units, it is necessary to
avoid overcharge and over-discharge. The SOC is used to
the  capacity of the BESS
(Christensen and Newman, 2003), and the corresponding
constraint is:

characterize limit

SOCini £SOC;; < SOC pax i (35)

where SOC a5 and SOCyp; are the upper limit and lower limit
of the SOC for the ith battery unit, respectively.

3) Charge/discharge states limitation

The simultaneous charge state and discharge state are
impossible for a battery unit and should be avoided, so the
constraint is:

charge discharge

Uy ~ Ty, <1 (36)
where udmge and uii“hmge are the charge flag and the

discharge flag of the ith battery unit at the time ft,
respectively. For charging, uf"% is selected as 1 and
fji“hmge is selected as 0. For discharging, ufi“hmge is
chosen as 1 and ut9 s selected as 0. For other states

they are also chosen as 0.

5 Simulation verification and analysis

5.1 Simulated data

The simulation verification is carried out in an actual
6.6 MW photovoltaic power station at high-speed railway
station in China. The scale of the BESS equipped for the
photovoltaic power station is 1.2MW/1.8 MWh. Ten battery
units is included in the BESS, and the initial SOC is given as:
0.4, 0.42, 0.46, 0.47, 0.48, 0.5, 0.52, 0.54, 0.57, and 0.6. The
initial SOH is given as: 1, 0.99999, 0.99998, 0.99996, 0.9995,
0.99985, 0.99983, 0.99982, 0.99981, and 0.99980. The initial
SOH  standard 8.3327e-05.  The
maximum charge/discharge power of every battery unit is
0.12 MW.

deviation is
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(A) Variation of SOC for battery units. (B) Variation of SOH for battery units.

5.2 Results and analysis of dynamic
grouping

To reflect the superiority of the power allocation method
proposed in this research, it is compared with the other three
approaches, which are called approach-I, approach-II, and
approach-III.  Approach-I adopts the
algorithm, but the power reference is equally shared within
the group. Approach-II does not use the grouping algorithm,

dynamic grouping

and the power reference is equally shared in the battery units. The
power reference of BESS under Approach-III is responded to by
the battery unit one by one. Approach-IV comes from the
reference (Wang et al, 2021). Approach-V comes from the
reference (Li et al., 2018).

The ratio of the tracking power reference is calculated as
Eq. 37:
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=N, (37)

B

where N is the number of data points that can track the power
reference, and f3 is the proportion of the power reference that can
be well followed.

Table 3 shows the comparative result of the ratio f under
different approaches. It indicates that f3 is the highest in the
proposed method. Therefore, the performance of tracking
the power reference under the proposed method is also
the best.

The power allocation result in the ten battery units is
shown in Figure 5. It displays that the allocated power
references in all the battery units do not exceed their
maximum charge/discharge powers, and the effect of the
power allocation is satisfactory.
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5.3 Results and analysis of battery units to
track power references

To verify that the proposed power allocation method can
improve the consistencies of the SOC and SOH effectively, the
average value and standard deviation of SOC and SOH are
calculated at the end of the regulation for the battery units,
and the results are shown in Table 4. It can be seen from the
comparison that compared with other control strategies, the
standard deviation of SOC and SOH in the proposed method
is the smallest, and the average value of SOC and SOH in the
proposed method is at a low level as well. The results show that
the power allocation method improves the uniformity of SOC
and SOH significantly, thereby avoiding premature withdrawal
of the battery units and improving the sustainable scheduling
capability of BESS.

The tracking performance of the battery units and the BESS is
shown in Figures 6A,B, respectively. Figure 6A indicates that the
battery units respond to their assigned power reference smoothly,
and Figure 6B the BESS can basically track the power reference.
For these points without being fully tracked, the reason is that the
power reference in these points exceeds the charge/discharge
power limit of the BESS, and only about 1% of the data cannot be
tracked. since the SOC of all battery units shown in Figure 7A
does not exceed the limit, and the regulation performance is also
acceptable. Figure 7B also manifests that the proposed method
can further improve the consistency of the SOH among the
battery units, and the standard deviation of the SOH among the
battery units is only 6.8817e-05.

As shown in the above simulation diagrams, the approaches
IV and V both have tracking errors when tracking the same
photovoltaic grid-connected power signal, but the proposed
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method can achieve the high-precision tracking in the whole
process. So the regulation performance of the proposed mthod is
more acceptable.

5.4 Result of grid-connected photovoltaic
power

The raw grid-connected power and actual grid-connected
power regulated by the BESS are compared and shown in
Figure 8. It manifests that the output of the photovoltaic
station aided the BESS is able to track the grid-connected
power reference well. Hence, the validity of the proposed
power allocation method is testified.

6 Conclusion

Aiming at the low consistencies of SOC and SOH in
smoothing the fluctuations of the photovoltaic power
through the BESS, a power allocation method considering
the state balance of the battery units is presented for the
BESS. The research conclusions can be summarized as
follows:

1) An approach based on the SDT algorithm optimized by IAO
algorithm is designed to acquire the grid-connected
photovoltaic power reference. The original AO algorithm is
improved to speed up its convergence speed and enhance the
optimization accuracy. The IAO-SDT algorithm finds the
optimal compression offset of the SDT algorithm more
quickly, and the optimization accuracy is higher. The
result of the raw photovoltaic power data processed by the
TAO-SDT that the
photovoltaic power reference is effectively extracted, and

algorithm  shows grid-connected
its fluctuation rate is reduced to satisfy the grid-connected
standard better.

2) The dynamic grouping algorithm of the battery units is
devised. The dynamic grouping time is determined by the
standard deviation of the SOC of the battery units. The
dynamic grouping principle is designed according to their
SOH and SOC. The grouping status of the battery units is
dynamically updated at the dynamic grouping time.
Compared with the existing fixed grouping scheme, the
consistency of SOC and SOH is guaranteed to a greater
extent with the designed dynamic grouping method.

3) A double-layer power allocation strategy for the battery
units is proposed. The power regulation reference that each
battery group should undertake is determined, and its
internal power allocation method is designed to

complete the upper-layer power distribution. The lower-

layer power distribution of the battery units is also

intended to ensure that the power regulation reference
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allocated by the battery units does not exceed its maximum
charge/discharge power. The simulation results show that
the proposed double-layer power allocation strategy can
help the BESS track the power reference effectively, and
ensure that the SOC and SOH of the battery units are both
gradually balanced to be consistent.

In the future, the proposed power allocation method can be
further improved by considering the benefit of the photovoltaic
station.
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