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Battery Energy Storage Station (BESS)-Based
Smoothing Control of Photovoltaic (PV) and

Wind Power Generation Fluctuations
Xiangjun Li, Senior Member, IEEE, Dong Hui, and Xiaokang Lai

Abstract—The battery energy storage station (BESS) is the
current and typical means of smoothing wind- or solar-power
generation fluctuations. Such BESS-based hybrid power systems
require a suitable control strategy that can effectively regulate
power output levels and battery state of charge (SOC). This paper
presents the results of a wind/photovoltaic (PV)/BESS hybrid
power system simulation analysis undertaken to improve the
smoothing performance of wind/PV/BESS hybrid power gener-
ation and the effectiveness of battery SOC control. A smoothing
control method for reducing wind/PV hybrid output power fluctu-
ations and regulating battery SOC under the typical conditions is
proposed. A novel real-time BESS-based power allocation method
also is proposed. The effectiveness of these methods was verified
using MATLAB/SIMULINK software.

Index Terms—Adaptive smoothing control, battery energy
storage station (BESS), solar power generation, state of charge
(SOC), wind power generation.

NOMENCLATURE

Modeling of Power Sources:

WP generation system.

PV power generation system.

Terminal voltage of battery energy storage
system (V).

Current of battery energy storage system (A).

Open circuit voltage of battery (V).

Internal resistance of battery energy storage
system .

Internal resistance of charge .
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Internal resistance of discharge .

State of charge (%).

Initial value of SOC (%).

Charging/discharging efficiency (%).

Efficiency of charge (%).

Efficiency of discharge (%).

Battery energy storage system capacity
(kWh).

SOC-Based Smoothing Control Strategy:

Start–stop status of unit .

SOC of unit (%).

State of discharge of unit (%).

Total number of PCS.

Total numbers of violating the maximum
allowable power limit constraints.

Investigated time period (Sec).

Number of samples.

Control cycle (Sec).

Allowable maximum discharge power of unit
(kW).

Allowable maximum charge power of unit
(kW).

Appointed power fluctuation rate limit value
(%/min).

Modified power factor for unit .

Reference value of SOC (%).

Allowable maximum SOC of unit (%).

Allowable minimum SOC of unit (%).

A one-dimensional lookup table (LT) block
for which the input is the battery and
the output is .

A function to calculate original wind and PV
power fluctuation rate.

A function to calculate wind/PV/BESS hybrid
power fluctuation rate.

Original wind and PV generation power
fluctuation rate during the investigated time
period (%/min).
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Wind/PV/BESS hybrid power fluctuation
rate during the investigated time period
(%/min).

Maximum power value (KW).

Minimum power value (KW).

Total rated power of wind and PV generation
(KW).

Start–stop status of WPGS .

Start–stop status of PVGS .

Rated power of the WPGS (KW).

Rated power of the PVGS (KW).

Initial power of the BESS (KW).

Total power of WP and PV generation (KW).

Time constant for smoothing control (Sec).

Complex variable.

Original total power fluctuation rate of PV
and WP generation at time (%/min).

Rise rate limit value (kW/Sec).

Drop rate limit value (kW/Sec).

Output power for the proposed dynamic rate
limiter (DRL) (KW).

Power converter systems.

Target power of PCS (kW).

Target power of the BESS (kW).

Target smoothing power (kW).

Appointed power fluctuation rate limit value.

I. INTRODUCTION

I N RECENT years, electricity generation by photovoltaic
(PV) or wind power (WP) has received considerable atten-

tion worldwide. The State Grid Corporation of China (SGCC)
is building the National Wind/PV/battery energy storage station
(BESS) and Transmission Joint demonstration project and
it is located in the region of Zhangbei, Hebei, China. The
Zhangbei belongs to one of the country’s 10 million kilowatts
of wind power base. The demonstration project is scheduled
in three stages. Now, it is in the first stage and at the end of
December, 2011, a 100-MW wind farm, a 40-MW PV farm,
and 14-MW/63-MWh lithium–ion BESS have been built at
Zhangbei.
The battery energy storage system can provide flexible en-

ergy management solutions that can improve the power quality
of renewable-energy hybrid power generation systems. To that
end, several control strategies and configurations for hybrid en-
ergy storage systems, such as a battery energy storage system
[1]–[5], [13]–[19], a superconducting magnetic energy system
(SMES) [6], a flywheel energy system (FES) [7], an energy
capacitor system (ECS) [8]–[12], and a fuel cell/electrolyzer
hybrid system [20], [21], have been proposed to smooth wind
power fluctuation or enhance power quality. Thanks to the rapid

Fig. 1. Wind/PV/BESS hybrid power generation system.

development of batteries, battery energy storage systems re-
cently have begun to be utilized for multiple applications such
as frequency regulation, grid stabilization, transmission loss re-
duction, diminished congestion, increased reliability, wind and
solar energy smoothing, spinning reserve, peak-shaving, load-
leveling, uninterruptible power sources, grid services, electric
vehicle (EV) charging stations, and others.
These days, the issue of how power fluctuations in PV

and wind power generation are to be smoothed has attracted
widespread interest and attention. And even as this issue is
being resolved, another one, that of the application of an energy
storage system such as BESS, has arisen. When using BESS
to control PV and wind power fluctuations, there is a trade-off
between battery effort and the degree of smoothness. That is,
if one is willing to accept a less smooth output, the battery
can be spared some effort. Thus far, although various effective
BESS-based methods of smoothing power fluctuations in
renewable power generation systems have been proposed [2],
[3], [5], smoothing targets for grid-connected wind and PV
farms generally have not been formulated. Smoothing control
by way of power fluctuation rate limits, for such systems,
has rarely even been discussed. The control strategies pub-
lished in [1]–[5], [13]–[19], [25], [26] were formulated mainly
for small-scale BESS-based smoothing; hence, they did not
consider power allocation among several BESS. A suitable
and effective control strategy for large-scale BESS, therefore,
remains an urgent necessity.
In the present study, under the assumptions that the capacities

of the WP and PV hybrid generation system (WPPVGS) and
BESS had already been determined and that we do not have
ability to adjust theWPPVGS output power, a large-scale BESS
was used to smooth the WPPVGS output power fluctuation.
More specifically, Wind/PV/BESS hybrid power generation
system (Fig. 1) along with a state of charge (SOC)-based
smoothing control strategy was utilized to instantaneously
smoothen WP and PV power fluctuations. This was accom-
plished by modifying smoothed target outputs adaptively and
making flexible use of feedback adjustments of battery SOC in
real-time. The detailed procedure is explained in Section III.
This paper is organized as follows. Section II presents

the modeling of each power source. Section III describes
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Fig. 2. WPGS power based on practically obtained wind output power at
Zhangbei.

Fig. 3. PVGS power based on practically obtained PV output power at
Zhangbei.

a SOC-based novel adaptive power control strategy for
smoothing power fluctuations of WPPVGS output. Simula-
tion results are discussed in Section IV through three cases.
Section V is the conclusion.

II. MODELING OF POWER SOURCES

A. Modeling of Wind Power Generation System

The WP generation system shown in Fig. 2 was modeled
on the 3-MW Sinovel SL3000/113 wind turbine located at the
National Wind Power Integration Research and Test Center
(NWIC) in Zhangbei, China. The detailed parameters of the
SL3000 are available at website [22].

B. Modeling of PV Power Generation System

The PV power generation system wasmodeled by using prac-
tically obtained PV output power at Zhangbei. In this system,
two 630-kW PCSs have been used in parallel and the rated
power is 1.26 MW. The power fluctuation of the PVGS was
modeled as shown in Fig. 3.

C. Modeling of BESS

A 100-kWh lithium iron phosphate (LiFePO4) lithium–ion
BESS has been modeled in reference to the model pre-
sented in [23]–[26]. The schematic diagram of battery equiv-

Fig. 4. Schematic diagram of battery equivalent circuit model.

Fig. 5. Characteristic of open circuit voltage via battery SOC.

Fig. 6. Internal resistance via battery SOC.

alent circuit model is shown in Fig. 4. In general we know that
can be expressed as (1). Moreover, as shown in (2) and

(3), and are determined by using lookup tables based
on experimental data presented in Figs. 5 and 6. Fig. 5 presents
characteristics of open circuit voltage via battery SOC. Fig. 6
presents internal resistance via battery SOC. The battery SOC
is calculated by using (4) and (5) and the is calculated de-
pending on battery charging/discharging status. The charging
power of BESS is indicated by the “ ” symbol and the dis-
charging power of BESS is indicated by the “ ” symbol, re-
spectively. In this paper, 1-MWh BESS is considered by inte-
grating five 200-kWh LiFePO4 lithium–ion BESSs in parallel.
Specification of 1-MWh BESS is shown in Table I.

(1)
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TABLE I
SPECIFICATION OF BATTERY ENERGY STORAGE SYSTEM

where

(2)

(3)

(4)

(5)

III. SOC-BASED SMOOTHING CONTROL STRATEGY

This paper proposes a new control strategy for smoothing of
wind and PV power fluctuations by means of feedback control
of SOC and a large-scale BESS. First, the smoothing problem

is formulated based on the power fluctuation rate. The power
fluctuation rate can be considered as an assessment indicator for
PV andWP generation equipment that is connected to the power
grid. As (6)–(15) indicate, the power fluctuation rates over the
investigated time period are used to evaluate the control effect
of PV andWP smoothing both with and without the BESS. That
is, as shown in equations (6)–(15) at the bottom of the page.
In general, in order to operate the BESS continuously, the

battery SOC needs to be controlled within a certain range. As
a result, it can prevent the forced shutdown of the BESS due
to overcharge or over-discharge of batteries. Moreover, con-
trol strategies for BESS and smoothing applications need to
be developed to efficiently dispatch real-time total power de-
mand of BESS between each PCS. Meanwhile, if the individual
storage unit of SOC is higher or lower, the adaptive coordina-
tion of the smoothing level and of the power distribution be-
tween energy storage units should be considered based on the
SOC and the maximum available charge or discharge power
constraints of battery energy storage systems. In this paper, ac-
cordingly, the following four stages have been proposed based
on the above-noted power fluctuation rate indicators for deter-
mination of the target power of the BESS and of each PCS.
1) Stage 1: Determine Initial Target Power of BESS:

Method 1: The initial power of the BESS is calculated based
on the dynamic filtering controller (DFC), as shown in the
following:

(16)

(i) If

(17)

(ii) If

(18)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)
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Method 2: The initial power of the BESS is calculated based
on the proposed dynamic rate limiter; that is, the rate of power
change at time is calculated by

(19)

Then, the smoothing power is determined using the following
rules:

(a) If

(20)

(b) If

(21)

(c) If

(22)

Further, the above-specified parameter values for the rise/
drop rate limits were determined as follows:

(23)

(24)

Finally, the smoothing power of WP and PV generation and the
initial power of the BESS were calculated as follows:

(25)

(26)

2) Stage 2: Determine Target Power of Each PCS : The
initial target power of each PCS is calculated by using (27)
and (28). If is greater than zero (that is, the BESS is in
discharge mode), is determined as

(27)

If is less than zero (that is, the BESS is in charge mode),
is determined as

(28)

(29)

3) Determine Modified Target Power of Each PCS : The
modified target power of each PCS is calculated by

(30)

(31)

(32)

if
if
otherwise.

(33)

Fig. 7. Modified power factor of via battery SOC.

In (30), variable is mainly used to accelerate the control ef-
fect of to avoid BESS near its upper and lower limits of SOC.
Fig. 7 plots the modified power factor of via battery SOC that
was used in the present study.
For (33), to ensure the expected status of battery SOC, a state

machine is used to modify . The three states can be de-
scribed as follows: 1) normal model: if the is within the
allowable values, is set to ; 2) lower limit model:
if the is less than [in the present study,
was set to 0.1, as shown in (33)], is set to 0.2, thereby
preventing the battery energy storage system from operating in
the low-SOC region; 3) upper-limit model: if the is larger
than [in the present study, was set to 0.9, as
shown in (33)], is set to 0.8, thereby preventing the bat-
tery energy storage system from operating in the high-SOC re-
gion. These functions were realized by State flow software in
the present study.
4) Stage 4: Determine Target Power for Each Unit: With

reference to the above-noted states 1 to 3, the initial power of
each PCS and that of the BESS are modified according to

(34)

(35)

Then, is redetermined based on the current allow-
able charge/discharge power constraints for each .
(i) If is greater than zero (that is, the BESS is in
dischargemode), initially is sorted in descending
order and is indicated by ; then, is refreshed,
as shown in the following:

(36)

(ii) If is less than zero (that is, the BESS is in charge
mode), the absolute value of initially is sorted
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Fig. 8. Flowchart of process for meeting allowable power constraints of each
BESS unit.

TABLE II
DETERMINE PCS TARGET POWER FOR 800-kW DEMAND

in descending order and is indicated by ; then, is
renewed, as follows:

(37)

A detailed flowchart of the above process is provided in
Fig. 8. A short numeric example to illustrate this stage 4 is
shown in Tables II and III, respectively, based on 1-MWh
BESS shown in Table I. A scenario of large different SOC is
considered and the is set to 800 kW and 800 kW,
respectively. It can be seen that by using the proposed method,
the allowable maximum discharge or charge constraint can be
satisfied.
In addition, on how to determine the real-time charging and

discharging power limit, the following method can be used for
reference.When approaching 0% SOC, the allowable maximum

TABLE III
DETERMINE PCS TARGET POWER FOR 800-kW DEMAND

discharge power of unit is set to 0 to prevent the over discharge
of BESS unit. Otherwise, when approaching 100% SOC, the
allowable maximum charge power of unit is set to 0 to avoid
the overcharge of BESS unit.
Finally, the target power of can be calculated based on

and as shown in Fig. 8. As a result, the target power
of the BESS and that of PV and WP output smoothing can be
determined as follows:

(38)

(39)

IV. SIMULATION AND VALIDATION

Simulation analyses were performed with a wind/PV/BESS
hybrid power system model. The model integrated 3-MW
WPGS, 1.26-MW PVGS, and 1-MW BESS. The BESS was
connected with the WPGS and PVGS to a utility-grid power
system at a common coupling point, as shown in Fig. 1. To
verify the effectiveness of the proposed control strategy, a
10%–90% range of battery SOC was set, which of course
was modifiable according to the BESS control requirements.
A simulation test considering the following three cases was
conducted with MATLAB/SIMULINK software.

A. Two Smoothing Control Methods Under Normal SOC
Condition

In this case, the appointed power fluctuation rate limit value
of was assumed to be 10% per 15 min. It needs to
emphasize that this evaluation indicator of should be
changed according to the actual application situation. We can
see that by adjusting , the trade-off between battery ef-
fort and some degree of smoothness can be obtained. And in
fact, in the actual implementation of the proposed smoothing
control method, this indicator value of should be regu-
lated according to the connected power grid situation or actual
requirements.
Then, under this assessment indicator, the two smoothing

control methods were considered according to the experimental
results. Additionally, for method 1, the time constant of
was set to 600 s, and the allowable maximum charge/discharge
power value of each unit was set to 200 kW/200 kW, respec-
tively. It was assumed that the initial SOCs of units 1, 2, 3, 4,
and 5 were 60%, 55%, 50%, 45%, and 40%, respectively.
Figs. 9 and 10 show the power and power fluctuation rate pro-

files for the different smoothing control methods, respectively.
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Fig. 9. Power profiles in case A (a) with method 1 and (b) with method 2.

As Fig. 9 makes clear, the control objective of the smoothing
WP and PV power fluctuations could be achieved with both
methods. However, Fig. 10 shows that by method 2, the hy-
brid WP and PV power generation fluctuations was effectively
controlled below the limit value of 10% per 15 min. From the
above results, we can see that the use of the control method 2
can more effectively regulate the power fluctuation rate within
the specified ranges. Moreover, it should be noted that due to
the inertia feature of the first-order filter, when the variable time
constant control strategy has been adopted (method 1), the filter
time constant needs to be modified and updated timely, other-
wise, sometimes the power fluctuation rate constraint will be
difficult to guarantee. However, method 2 is not only easier to
be implemented, but also can ensure that when the power fluc-
tuation rate limit value has been provided, the power fluctua-
tion rate can be effectively controlled within a limited range. In
addition, it is recommended that the limit value of the power
fluctuation rate should be periodically revised based on the op-
erational requirements of the actual on-site.
Figs. 11 and 12 show the power and SOC profiles for each

PCS unit by using method 1 and method 2, respectively. As
indicated in Fig. 11, the charge and discharge power of each PCS
unit is adjusted in real time, based on the SOC value. That is,
when the battery is in the discharging state, the battery discharge
power is proportional to the SOC value; conversely, when the

Fig. 10. Power fluctuation rate profiles in case A (a) with method 1 and (b) with
method 2.

battery in the charging state, the charging power is inversely
proportional to the SOC value. Moreover, as the Fig. 12 data
show, the proposed smoothing control method can supervise the
SOC to secure the charging level of the BESS.

B. Energy Management Under Extreme SOC Conditions

This section mainly discusses the effectiveness of the
proposed BESS energy management method considering
overcharge/over-discharge SOC conditions. Therefore, it was
assumed that the initial SOCs of units 1, 2, 3, 4, and 5 were
90%, 70%, 50%, 30%, and 10%, respectively.
Fig. 13 shows the power profile for the smoothing control

method 2. The power and SOC profiles of each of the respec-
tive PCS units with method 2 are shown in Figs. 14 and 15, re-
spectively. It is evident that, by means of the proposed control
strategy, the power output fluctuations of the WPGS and PVGS
hybrid system can be smoothed with extreme SOC conditions.
Moreover, as the data in Figs. 14 and 15 show, the proposed

smoothing control method can supervise the SOC to secure the
charging level of the BESS, specifically by adjusting each mod-
ified target power of for the high- and low-SOC ranges.
Thereby, energy management among multiple energy storage
units can be achieved and, thus, under extreme SOC conditions,
by using the proposed smoothing method 2, the SOC of each
unit can be effectively controlled within the specified range as
shown in Fig. 15.
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Fig. 11. Power profile for each PCS unit in Case A (a) with method 1 and
(b) with method 2.

C. Daily PV Output Smoothing Control Under Power
Fluctuation Rate Limit

In this case, as a special discussion, a hybrid 5-MWh BESS
and large-scale PV power generation system was considered for
the proposed method 2, so as to simulate a longer time covering
the whole daily PV production period. The daily real PV gener-
ation data were applied, and the total rated power of the genera-
tion system was 40 MW. In this section, the 5-MWh BESS was
considered by integrating five 1-MWh LiFePO4 lithium–ion
BESSs in parallel. Specification of 1-MWhBESS is presented in
Table I of Section II. The allowable maximum charge/discharge
power value of each 1-MWh BESS was set to 1 MW/1 MW,
respectively. It was assumed that the initial SOCs of BESS 1, 2,
3, 4, and 5 were 90%, 70%, 50%, 30%, and 10%, respectively.
The appointed power fluctuation rate limit value of was
assumed once again to be 10% per 15 min.
The power profile by using proposed smoothing method 2 is

plotted in Fig. 16. It can be seen that the PV power fluctuations
were effectively smoothed. Fig. 17 shows the power fluctuation
rate during the one-day period. As the data indicates, the pro-
posed control strategy was effectively utilized to control the PV
power fluctuation rate within the specified limit ranges while
smoothing the MW-level large-scale photovoltaic power gener-
ation at the same time.

Fig. 12. SOC profiles in Case A (a) with method 1 and (b) with method 2.

Fig. 13. Power profiles in case B.

Fig. 18 shows the SOC profiles for each 1-MWh BESS. As
Fig. 18makes clear, the proposed smoothing control method can
supervise the SOC to secure the charging level of the BESS by
properly allocating total power demand between each BESS.

V. CONCLUSION

The disadvantage of PV and wind power generation is their
unstable power output, which can impact negatively on utility-
and micro-grid operations. One means of solving this problem
is to integrate PVGS and WPGS with a BESS. For such hy-
brid generation systems, control strategies for efficient power
dispatch need to be developed. Therefore, in this paper, a novel
SOC-based control strategy for smoothing the output fluctuation



472 IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 4, NO. 2, APRIL 2013

Fig. 14. Power profiles for PCS units by method 2.

Fig. 15. SOC profiles by method 2 in Case B.

Fig. 16. Power profiles in Case C.

of a WP and PV hybrid generation system has been proposed.
Additionally, the SOC feedback control strategy and the real-
time power allocation method for timely regulation of battery
power and energy are presented. Simulation results demonstrate
that the proposed control strategy can manage BESS power and
SOC within a specified target region while smoothing PVGS
and WPGS outputs.
At present, how to control the SOC of the energy storage

system is an ongoing research topic. We also need to combine
the characteristics of the battery, and do further research and ex-
ploration. From the present research results, it can be seen that
by using the proposed control method, the SOC of each bat-
tery energy storage unit can gradually move toward 50% with

Fig. 17. Power fluctuation rates in Case C.

Fig. 18. SOC profiles for each BESS in Case C.

the increase of control time although the initial SOC of the en-
ergy storage unit is different. It is also considered that this con-
trol method can make the storage unit share the load as con-
sistently as possible, so as to achieve the effect of extending
the service life of the energy storage system and, therefore, can
delay the accelerated decay of the battery performance. More-
over, it should be noted that some filtering on the BESS charge
and discharge power have been achieved by using a power fluc-
tuation rate constraint as the smoothing control target to prevent
excessive excursions to “chase down” every PV or wind power
output fluctuation.
In addition, this paper was mainly focused on the control

strategies of BESS and smoothing based on battery capacity
established conditions. Another significant issue is the means
by which an appropriate battery capacity for this application is
to be determined. The power control strategies for large-scale
wind/PV/BESS hybrid power systems taking into account the
optimum capacity of BESS and battery aging will be discussed
in the near future combined with smoothing control application
of wind and PV power generations.
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