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LS B S R N

Abstract: Countries around the world are actively promoting the low-carbon transforma-
tion of the energy system, and renewable energy represented by solar photovoltaic (PV)
power generation will occupy a greater proportion of the power system. The power of
PV power generation is characterized by randomness and volatility, so an energy storage
system (ESS) is needed for smooth control of fluctuating power to improve the quality of
electric energy and the stability of the system. First of all, through the comparative analysis
of various energy storage technologies, this paper finds that the battery-supercapacitor hy-
brid energy storage system (HESS) has both steady-state and dynamic response capabilities.
Secondly, the power smoothing control strategy comprises centralized control strategies
and distributed control strategies, corresponding control algorithms based on filter and
optimization, and droop control strategy, respectively. This paper introduces them in turn
and analyzes their advantages and disadvantages. Finally, according to the characteristics
of the two control strategies, the analysis of the applicable scenarios is given, and it can
guide future applications.

Keywords: solar photovoltaic (PV) power; randomness and volatility; energy storage
technology; power smoothing control; power quality

1. Introduction

Solar energy has attracted more and more attention from people in the past few
decades due to the continuous increase in the world’s energy demand and people’s concern
about environmental issues.

Solar energy is abundant energy that is characterized by being extremely clean and
inexhaustible [1]. Unlike traditional non-renewable energy sources such as coal, solar
energy does not produce any carbon dioxide emissions during use, which is extremely
friendly to the environment. Thus, photovoltaic (PV) power generation came into being [2].
However, the PV output power may fluctuate due to the frequent changes in solar irradi-
ance. Because of this, solar energy is vulnerable to uncertainties in the application process.
For example, when the weather conditions are poor, such as during cloud cover or in
different seasons, the solar irradiance can change greatly. This leads to instability of the PV
power, making it difficult to satisfy the energy demand continuously and stably [3,4]. This
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uncertainty has brought certain challenges to the wide application of solar energy. It needs
to be adjusted and improved through advanced energy storage technology and power
smoothing control to enhance the stability and reliability of PV power generation. Thilo
Bocklisch [5] summarized the innovation areas of hybrid energy storage systems (HESS),
proposed four HESS configurations suitable for distributed PV systems, and proposed a
power flow decomposition method based on peak load balancing and double low-pass
filtering. A novel smart hybrid energy storage plug-in module system was proposed by
Jing et al. [6] aimed at the service life of energy storage devices. It can reduce frequent
charge-discharge conversion. Two different operation modes are designed according to
the different weather conditions, which can effectively delay the aging of energy storage
devices. In Ref. [7], decommissioned lithium iron phosphate batteries from electric ve-
hicles were applied to microgrids. At the same time, grid-connected PV energy storage
microgrids were designed based on the load requirements of office buildings, and exper-
imental studies were carried out on their operating performance. The results show that
the performance of these decommissioned lithium batteries can satisfy the energy storage
requirements. The effect of peak cutting and valley filling is obvious, it can achieve cascade
utilization in microgrids. Lei et al. [8] proposed a model predictive control (MPC) based on
a power/voltage smoothing strategy. The predicted value in MPC is the equivalent input
impedance of the energy storage system (ESS). It can calculate control commands of ESS by
using predicted input impedance to achieve better smoothing control. A power smoothing
framework based on prediction and adaptive smoothing mechanism was proposed in [9]
to avoid arbitrary selection of filtering time constant values and reduce pressure on ESS.
In [10], a two-stage adaptive smoothing method based on an artificial potential field was
proposed, which can dynamically decompose and distribute power among power grids,
batteries, and supercapacitors.

The microgrid is a small power system that is composed of distributed power supply
(such as solar PV power generation), energy storage devices, energy conversion devices
(such as inverters, rectifiers, etc.), related loads and monitors, protection devices, and
another organic whole [11]. It can achieve self-control, protection, and management and
can be operated independently or connected to the external power grid [12]. To ensure the
stable operation of PV power generation when connected to the microgrid. It is usually
necessary to add energy storage devices to maintain the stability of system power [13].

Bullich et al. [14] analyzed the characteristics of each energy storage technology and
summarized the most suitable energy storage technology for large-scale photovoltaic power
plants. In [15], an integrated review of the current situation and future development of
energy storage was made around energy storage technology applied to microgrids. In the
context of the mixed use of renewable and non-renewable energy for power generation
in today’s power grid, Rana et al. [16] emphasized the importance of energy storage
systems and proposed a transitional approach to promote the large-scale deployment
of energy storage systems in power systems. In [17], aiming at the randomness of PV
power generation, the control smoothing technology of different power slopes under three
categories was discussed in order to reduce the slope rate of its output power. In this
paper, energy storage technology and power smoothing technology are discussed and
summarized to provide an application reference.

The research motivation and contributions of this paper can be summarized as follows:

i.  This paper reviews some energy storage technologies commonly used in the field of
renewable energy. According to the advantages and disadvantages of different energy
storage devices, several mainstream HESS are introduced, and a kind of HESS with
better comprehensive performance is selected for subsequent analysis to ensure the
smooth operation of the microgrid dominated by PV power generation.
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ii. To solve the power distribution problem of the system, the power smoothing con-
trol strategy based on HESS is discussed. The centralized and distributed power
smoothing control strategies are analyzed with emphasis, and the advantages and
disadvantages of the control strategies are discussed. The corresponding control
strategies can be selected according to the actual requirements.

ili. Combined with the content of this paper, future research prospects on power smooth-
ing control strategy are proposed.

The rest of the paper is organized as follows. Section 2 introduces the comparative
analysis of energy storage technology for PV power generation. Section 3 describes the
comparative analysis of PV power smoothing control strategies. Section 4 contains the
discussion, and Section 5 gives the conclusion.

2. Comparative Analysis of Energy Storage Technology for PV
Power Generation

The ESS can compensate when the PV power generation is below the target and store
electricity when it is above the target [18]. When the PV output is lower than the target
value, the ESS can release the stored electric energy, supplement the power required by
the load, and ensure the stability of the power supply. When the PV output is higher than
the target value, the excess power can be stored by the ESS for subsequent use when the
PV output is insufficient [19]. Such a scheme can effectively deal with the volatility of PV
output and improve the utilization efficiency and reliability of PV energy. Energy storage
technology has evolved over the centuries and continues to achieve technological break-
throughs. Luo et al. [20] thoroughly discussed the classification, discharge characteristics,
and economic benefits of various energy storage devices.

2.1. Single Energy Storage Technology

Battery energy storage (BES) [21,22] converts electrical energy into chemical energy
through chemical reactions inside the battery to store it. When electrical energy is needed,
chemical energy is converted into electrical output by a reverse reaction. It is worth
mentioning that BES is regarded as an ideal energy storage method because of its economic
efficiency, strong power balance, and ability to maintain the stability of the power grid.

During troughs of electricity consumption, compressed-air energy storage (CAES) [23]
uses excess electrical energy to drive the compressor to compress the air and store it in the
gas storage device so that the air stores energy in the form of high-pressure gas. During
peaks of electricity consumption, high-pressure air is released and enters the expander to
do work, driving the generator to generate electricity. In addition, pumped hydroelectric
energy storage (PHES) [24,25] stations usually consist of upper reservoirs, lower reservoirs,
and power generation buildings. During troughs of electricity consumption, the excess
electric energy is used to pump the water from the lower reservoir to the upper reservoir
for storage, and the electric energy is converted into the potential energy of water. During
peaks of electricity consumption, water is released from the upper reservoir to the lower
reservoir. The generator is driven by the water turbine to generate electricity and convert
the potential energy of water into electric energy. Energy storage technologies such as CAES
and PHES have greater advantages in support of large-scale energy storage applications [26].
However, these two energy storage methods are limited by environmental and geographical
conditions, which makes their development and application face many challenges [27].

The fuel cell (FC) [28,29] converts the chemical energy of a fuel (such as hydrogen)
directly into electricity through an electrochemical reaction. In the energy storage pro-
cess, when there is excess electrical energy, hydrogen can be generated by electrolyzing
water and stored. When electricity is needed, the hydrogen is converted again into elec-
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trical output by the FC. FC mainly generates water and a small amount of heat, which
is more environmentally friendly. However, if the production process of the fuel is not
environmentally friendly, the overall environmental benefits will be affected.

Superconducting magnetic energy storage (SMES) [30] uses the zero resistance char-
acteristics of superconductors to pass DC into the superconducting coil and generate a
strong magnetic field to store energy. When energy needs to be released, the current in
the superconducting coil is directed to the load through a control circuit, thus converting
the stored magnetic field energy into an electrical output. It achieves efficient energy
conversion and storage by directly storing electrical energy in the magnetic field.

The flywheel energy storage system (FESS) [31-34] is mainly composed of a high-
speed rotating flywheel, motor, bearing, and control system. During the charging process,
the motor converts electrical energy into mechanical energy, which accelerates the flywheel
rotation and stores the energy in the form of kinetic energy. When energy needs to be
released, the kinetic energy of the flywheel is converted into electrical energy output by
the motor. Despite its unique advantages, its stability and efficiency are greatly affected by
mechanical components.

The supercapacitor (SC) stores energy through a double-layer interface formed be-
tween electrodes and electrolytes. When the SC is charged, the charge accumulates on the
surface of the electrode. Under the action of the electric field, the ions in the electrolyte
migrate to the surface of the electrode, forming a double electric layer, thus storing the
electrical energy. During discharge, the charge is released from the surface of the electrode.
The stored energy is converted into electrical energy output through work performed by the
external circuit. As a representative of electrostatic storage, it has attracted much attention
for its high recyclability and high density [35].

Table 1 shows the advantages and disadvantages of various energy storage technologies.

Table 1. Comparison of single energy storage technologies.

Energy Storage Technologies Advantage Disadvantage

. Small size
BES [21,22] . Flexible installation
. High energy density

. Limited life
. High maintenance costs

. Low cost . Low energy conversion
CAES [23] . Large capacity efficiency
. Long life . Environmental pollution
. Large capacity . Difficult construction
PHES [24,25] . High system efficiency . Limited by environmental
° Long life conditions
. . High cost
. High energy densit N & .
FC [28,29] . En%/ironm(ger}it frien d}i Depend on supporting
y facilities
SMES [30] : {I‘;%Vhe%‘g‘g lcc‘)‘;rs‘suy o  Expensive
High cost

. High instantaneous power

FESS [31-34] . Long cycle life

Large volume
e  Low energy density

. High power density ° Low energy density

SC[35] . Long cycle life . High self-discharge rate

In all kinds of energy storage technologies, energy density, and power density are two
key indicators [36]. Energy density measures the accumulated energy in the energy storage
device of unit volume or mass, while power density reflects the energy transfer rate in the
energy storage device of unit volume or mass. Table 2 classifies energy storage technologies
according to these two key indicators.

In BES technology, various materials constitute BES with different characteristics.
The ternary lithium battery composed of nickel cobalt manganese oxide (NCM) has the
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characteristics of high energy density, and the lithium iron phosphate battery composed of
LiFePOy (LFP) has the characteristics of high power density.

Table 2. Classification of energy density and power density.

High Energy Density High Power Density
BES (NCM) BES (LFP)
CAES SMES
PHES FESS
FC SC

In addition, energy storage technologies such as CAES, PHES, and FC have a high
energy density but a low power density. Therefore, it often faces challenges in power control
due to the slow dynamic response. Relatively speaking, energy storage technologies such as
SMES, FESS, and SC have high power density and can quickly satisfy high power demands.

2.2. Hybrid Energy Storage Technology

Since there is no energy storage technology that can satisfy the dual requirements of
power and energy density at the same time, HESS has emerged. It is designed to improve
the overall performance of ESS by combining two or more energy storage technologies into
one [36,37]. In particular, the combination of HESS and PV power generation contributes
to achieving the optimization and safety of microgrid operation. The positive impact of
HESS on PV power generation and microgrid systems was discussed in [38].

In an ideal HESS, one of the energy storage devices is high energy storage (HES),
which is used to satisfy long-term energy needs [39]. Another type of storage is high power
storage (HPS), which is used to handle power transients and fast load fluctuations. We can
obtain a variety of HESS combinations by analyzing different energy storage technologies’
HES and HPS characteristics.

In [40], the concepts of utilization factor and hydrogen fuel flow were introduced into
the HESS based on the fuel cell as the main and battery as the auxiliary. It enabled FC to
achieve the ability to compensate for fast power transients, thus improving the dynamic
response capability of HESS. Figure 1 shows its independent microgrid.

/ Stand-Alone Microgrid
Generation —— Load

Bus Bus

oty
Y Wi f‘,.r)_,

Turbine & e@?” *ﬁ?

( Constraints )
Fuel Cell Battery Bank y )

Hybrid Energy Storage System Power

yort crgy Storage Syste Deviation

T

Pbb/” -
Pbb, Energy

management

PR\ system

(/'\\
- He—
N/ ;
Load

Photovoltaic Hybrid
\ Array Generation

b

Figure 1. HESS microgrid with FC-Battery [40].

In this independent microgrid system, the load’s power needs are met by a combina-
tion of wind turbines, PV systems, and FCs. Among them, the battery pack and the FC form
a hybrid configuration, whose role is to compensate for fluctuations in instantaneous power.
The energy management system prioritizes and regulates the power distribution between
the FC and the battery with the help of the droop controller to maintain the main frequency
in the preset safe range. Both the wind turbine and the PV system operate in maximum
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power point tracking mode, with the former connected to the generation bus via an AC-AC
converter and the latter connected to it via a DC-AC converter. At the same time, the FC
and battery pack are also connected to the power generation bus via a DC-AC converter.
The load bus is connected with the power generation bus by the transformer, so as to supply
power to the load.

The output voltage of the solid oxide fuel cell system is:

0.5
V=N (EO LR, (’%)1 - rlpc> (1)
PH,0

2F
where Nj is number of cells in series in the stack, Eo is ideal standard potential, R is

universal gas constant, T is absolute temperature, F is Faradays constant, py, is partial
pressure of hydrogen, p%? is partial pressure of oxygen, py,o is partial pressure of water,
r is ohmic loss and Ic is fuel cell current.

The energy state of the battery bank is as follows:

Epp(t) = Epp(t — 1) +ngp x Ppp(t) x At 2)

where Ppp is the charge/discharge power of the battery bank during a time interval At and
1pp is the charge/discharge efficiency of the battery bank [40].

The Flywheel-Battery HESS can enable smooth charging and discharging of batteries.
In addition, the flywheel can filter out harmful effects, reduce battery damage, and extend
battery life. Yang et al. [41] proposed a new fusion deconvolution method. It can conduct a
reliability analysis of the Flywheel-Battery HESS to avoid mechanical failures when the
flywheel speed is sky-high. Figure 2 shows its schematic diagram.

Kinetic energy

<

Electric motor Electric generator M
VAN |:|—'|E |

Flywheel

. Power electronic Power electronic
Electric energy input equipment output equipment Electric energy

Energy input Energy output
L V

Figure 2. The theory of Flywheel-Battery HESS [41].

The flywheel is an integrated motor/generator system with two operating modes: one
is a charging mode, which uses battery power to drive the flywheel motor at high speed,
with a speed of 20,000-100,000 revolutions per minute, so that kinetic energy can be stored
in the flywheel; second is the discharge mode, which releases the stored kinetic energy of
the flywheel by driving the flywheel generator until the flywheel speed drops to zero. In
this process, kinetic energy can be converted into electricity needed by the battery. It is
worth mentioning that in the process of electromechanical energy exchange between the
flywheel and the battery, harmful components can be effectively filtered out, and then the
charge and discharge process of the battery becomes smooth, so as to effectively protect
the battery.

The kinetic energy E stored by the flywheel can be expressed as:

1

1
E = EIWZ = Emrzwz 3)
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where | represents a moment of inertia, w is the angular velocity of the flywheel, m is the
mass of the cylinder and r represents the radius [42].

A new semi-active Battery-SC hybrid scheme with variable voltage control for firm
frequency response services was proposed by Li et al. [43]. It improves the utilization rate
of SC, at the same time reduces the cost of the converter. Figure 3 shows the configuration
of HESS.

HESS Power Frequency
Power fon
t p deviation to
managemen reference power Frequency

strategy

1
I Reference current and voltage

requirement deviation

1
1 Power and SoC reference,
v

Bidirectional ¢———on——» Bidirectional (————>
Battery DC/DC DC/DC
converter ~<¢—==———> converter <>
Supercapacitor

Figure 3. Battery-SC hybrid energy system configuration for firm frequency response.

In power systems, to mitigate the frequency fluctuations with the firm frequency
response envelope, HESS units are connected to the main grid via power converters. The
battery is connected to the DC bus through the DC-DC converter, and the SC is directly
connected to the DC bus, so that the voltage of the SC will change with the change of
the DC bus voltage. For the traditional power control mode in the power grid, the DC
bus voltage needs to be maintained at a certain value or fluctuate near a constant value.
However, this may make the utilization of SC very low, in which case the SC only plays the
role of ordinary filters. Therefore, in order to protect the battery from the adverse effects of
instantaneous power fluctuations, and to ensure that the SC is within the range of efficient
operation. It is necessary to control the DC bus voltage on the semi-active method of the
SC, so that it can fluctuate in a deeper range.

The equation of SC is described in the following equation:

1 R Vi
Voe = — / ( (1 + = )Isc - RSC) dt + IscResr (4)

C Rleak leak

where Rjeqx is the leakage resistance, Reg is the series resistance, and C* is the effective
capacitance of SC.
The battery capacity model can be described as shown in the following equation:
Soc(k) = 1c G Ipate (k) : Tpare(k) < 0
>0 ©)

Soc(t+1) =
(t+1) {Soc(k) — 7o IBatt (k) : Tpan (k)

where Ts is the sampling time, 17c and #p define the charge/discharge efficiency of the
battery. Igatt represents the battery charge/discharge. The positive value implies that the
battery supplies energy while the negative sign implies the battery absorbs energy [43].

In [44], a new SMES-Battery HESS cascade topology construction was proposed. It not
only avoids the use of droop control but also retains the advantages of traditional HESS
schemes such as fast response speed and large energy capacity. Thus, the transient problem
during the switching between the battery and SMES is solved. Figure 4 shows its cascade
structure chart.

The system mainly consists of two converters (H1 and H2), an SMES coil, and a battery.
The converters H1 and H2 consist of two controllable IGBT switches and two diodes,
namely 51-54 and Q1-Q4, respectively. SMES are embedded between the joints Al and
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B2 of the two converters. The connection of Bl and A2 is used for current continuity. The
battery is connected to the H2 output ports M2 and N2. H1 output ports M1 and N1 connect
to the DC bus on the battery side. Two capacitors C1 and C2 are used for filtering. In
industrial applications, two additional switches (BP1 and BP2) are added to the structure in
order to enable the S-B HESS to continue working when one of the energy storage units is
damaged or stopped. When the SMES fails, BP1 will be activated, and S-B HESS will work
as a single battery energy storage device. In contrast, when the battery fails to function
properly and the system works in single-SMES mode, BP2 will be activated to isolate the

battery part.
DC Load H,
-
VL THES M,
N Sy s;*
J
il oL I
8 — B,
J
Vs S S,
&----p) N
DC Source N

Figure 4. Structure of the cascaded SMES-Battery HESS [44].

The terms iy, and igps represent the output current of the battery and the S-B
HESS, respectively. isyrs is the SMES operating current. The load side voltage and
the source side voltage are defined as v, and v;, respectively. The inductance of the SMES
is Lspmes, Ismes is the SMES rated current and the SMES withstanding voltage is defined

as UsMES [44].
The stored energy (Espirso) in the SMES available for compensation can be expressed as:

1
EsmEso = ELSMES IZEso (6)

Xu et al. [45] proposed a terminal sliding mode control strategy for HESS. This strategy
is based on the adaptive law of projection operators. The goal is to supply power to the
load in time. It can track the current of FC, battery, and SC well, and then obtain a stable
DC bus voltage. Figure 5 shows its circuit topology diagram.

Ls Rs Boost L1 Ry

isc s i JII irc
T X/ K +
Ds
D, D,
1 L
L2 RZ .
o 2 [
N/
Dy *
Batter CT W DC-AC
. o

1

Figure 5. Circuit topology of the FC-Battery-SC HESS.

HESS uses a boost converter, two buck converters, and an additional control circuit.
The control circuit can achieve the optimal power distribution under the guidance of the
strategy. FC and battery are both major energy components, which are capable of operating
under different load power conditions. At the same time, batteries and SCs are energy
storage devices. When the FC is operating in low efficiency or failure mode, or when the
load is charging the system, the battery is the dominant part. Due to the unique physical
properties of SC, it can obtain peak power that FC and battery cannot provide. The boost
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converter consists of an insulated gate bipolar transistor (IGBT), a diode T, a filter capacitor
C, and a high frequency inductor L1. The bidirectional DC-DC converter consists of two
IGBTs and a high-frequency filter inductor. The current output from the boost converter
and buck-boost converter flows through the capacitor and is then connected to the DC-AC
converter, where the power is finally transferred to the load.

The operation model of FC can be expressed as:

diFC R1 . 1 1-— mq
—_— = — R — 7
7t L, Fe + I, UFC L, "o @)

where the symbol m; means the duty cycle of the IGBT D1, which varies from 0 to 1.
The operating model of the battery can be expressed as follows:

dip R, . 1 m33
“B_ 2 oy — =2 8
T L,® + L', "o 8)
1—my; i5>0
Moz = > B )
ms3 g < 0

where i}, represents the battery current reference, m; and m3 means the duty cycle of the
IGBT D, and D3, respectively.
The operation model of SC can be expressed as:

disc R3 . 1 mys5
_ _ 10
It Ly 'sC + L lsc — T, o (10)
1—my itf->0
Mys = * Sc (11)
ms icc <0

where i~ means the current reference of SC, my and ms means the duty cycle of the IGBT
D, and D3, respectively [45].
Common HESS combinations are shown in Figure 6.

Commonly used HESS combination form

| } l l

FC-Battery Flywheel-Battery Battery-SC SMES-Battery FC-Battery-SC

Figure 6. HESS combinations.

By comprehensively considering the energy storage capacity demand, occupied space,
economic cost, and other factors. Selecting the appropriate HESS combination can effec-
tively deal with intermittency [46], poor power quality [47], poor stability [48], frequency
instability [49], DC bus voltage fluctuation [50], and other technical problems existing in
PV power generation.

Among various HESS, the Battery-SC HESS [51,52] has been widely concerned and
applied because it takes into account both steady-state and dynamic response capabilities.
The high energy density of the battery can satisfy the power demand required by the
system. However its dynamic response speed is slow, and it is difficult to solve the high-
frequency components of power fluctuation [53]. SC focuses on compensating transient
power fluctuations due to its own high power density and fast dynamic response speed.
However, its low energy density characteristic makes it unable to cope with low-frequency
components of power fluctuations. The HESS formed by the two can complement each
other’s advantages and satisfy the needs of PV power smooth control [54]. According to
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the different advantages of battery and SC, the types of power demand distributed in HESS
also have different focuses. How to achieve effective fluctuating power distribution is a
huge problem that needs to be solved [55].

3. Comparative Analysis of PV Power Smoothing Control Strategies

The PV power signal contains complex frequency components. Among them, there is
key frequency information that has an important influence on power characteristics. The
low-frequency component carries the main trend characteristics of PV power, while the
high-frequency component is often mixed with fluctuation information caused by factors
such as rapid changes in cloud cover and ambient light interference [56]. In recent years,
researchers have proposed various control strategies to achieve power distribution between
HESS, so as to achieve smooth output power control. According to the system structure,
these control strategies can be divided into two categories: centralized control strategy and
distributed control strategy.

3.1. Centralized Power Smoothing Control Strategy

The centralized control strategy uses a central controller to sample the PV power.
Through various signal processing technologies, the low-frequency and high-frequency
components of the fluctuating power are extracted, and the output command is sent
to the HESS through communication technology. The centralized control strategy
can be further subdivided into filter-based control algorithms and optimization-based
control algorithms [57].

In the filter-based approach, the system’s power fluctuation response requirements
are divided into high-frequency components and low-frequency components by using
filters. They are responded to by SC and battery, respectively. The commonly used
filtering technology mainly includes high/low pass filter, wavelet transform, empirical
mode decomposition (EMD), moving average, and so on.

The low pass filter (LPF) can help distinguish high-frequency fluctuations and low-
frequency useful signals. And transmit the information of high-frequency fluctuations
signals to the controller of the ESS so that the ESS can carry out charge and discharge
control more accurately [58]. In [59], an improved LPF controller is proposed. The power
direction control strategy eliminates unbeneficial power exchange, reduces the capacity of
HESS, and improves the unnecessary energy exchange problem between storage elements
due to time delay caused by phase lag in LPF. Thus, the HESS round-trip energy efficiency
has been improved. The block diagram of the conventional LPF controller is shown in
Figure 7. Roy et al. [60] used the LPF to distribute power between the battery and the SC.
And carried on an economic comparison of HESS with different time constants of LPF.
In addition, the state of charge (SOC) control algorithm is added to maintain the SOC of
energy storage within a certain range. As a result, the service life of the storage energy is
extended, and a cost-effective ESS is developed.

- PI Controller Low-pass filter Ipar PI Controller
pct i 1 Upa 4 Dy
- PI a+ sT,) PI PWM
Vbe
. PI Controller
i'sc D
- - PI —— PWM

ico:n ’ iSC ‘ o
Figure 7. Block diagram of conventional LPF controller [59].

In a traditional LPF controller, the DC grid voltage Vp is first compared to the refer-
ence voltage V7 -, and the error is provided to the proportional integration (PI) controller.
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The PI controller generates the required total HESS current i*. Then i* is divided into a
low frequency reference current i; , (for batteries) and a high frequency reference current
igc (for SC). Therefore, through the current reference, LPF allocates the reference power of
energy storage devices to:

{ Ppat(s) = Phgss(s) - ﬁ (12)

where Ty is the time constant of the LPF [59].

The reference current i, , is then compared with the battery current i,,;. This error is
fed to the PI controller to generate the duty cycle Dy,;. Based on the duty cycle Dy, the
pulse width modulation (PWM) generator controls the battery’s DC-DC converter. Due to
the SC’s high self-discharge rate, the energy stored in the SC decays over time, requiring an
icom to be added to compensate. The SC reference current i¢- is also compared with the SC
current igc, and the error is passed to the PI controller to generate the duty cycle Dgc. The
PWM generator controls the SC’s DC/DC converter via duty cycle Dgc.

The wavelet transform can be used to isolate the low-frequency component from the
high-frequency component [61]. At the same time, the wavelet transform also gives a
concept of the storage system capacity required to suppress the high-frequency component,
so it is an effective method to smooth the PV fluctuation power [62]. A power adaptive
smoothing suppression method for the point of common coupling with distributed PV
energy storage based on empirical wavelet transform was proposed in [63]. The PV power is
decomposed adaptively by empirical wavelet transform, and the HESS power is distributed
according to the response capacity of different energy storage components. In addition, an
active power compensation SOC control strategy is provided for HESS SOC. The structure
of the wavelet filter bank is shown in Figure 8.

Level 1

ci(k)

Ca(K)

i~ 5 (k)

,,,,,,,,,,,,,,,,,,,,,,, K 2 Level
2 aQ(k) Level | 7040
as(k) 4

ay(k)

Figure 8. Wavelet filter bank structure.

EMD can decompose the PV power signal into multiple intrinsic mode functions
(IMF) and a residual component. For example, the power of short-time sharp changes
caused by rapid cloud movement is decomposed into high-frequency IMF, while the
power of slow changes caused by seasonal changes may appear in low-frequency IMF or
residual components. We can formulate corresponding power smoothing strategies for
different frequencies’ IMF based on the results of EMD decomposition [64]. Zheng et al. [65]
proposed a hybrid energy storage smooth output fluctuation control strategy based on
considering PV dual evaluation indexes. The EMD will be continued again when there are
abnormal signals in the process of ensemble EMD. Then, the final modal component will be
obtained by removing the pseudo-component. We can reconstruct the power based on the
grey relational degree, and the smooth power output fluctuation instructions for SC and
battery will be obtained. Volatility and smoothness are two evaluation indexes, according
to different time scales, and moving average filtering is used as the instruction. The battery
pack (5 min scale) and SC pack (1 min scale) in hybrid energy storage coordinate and
control PV smoothing output fluctuation. The EMD steps are shown in Figure 9. Among
them, the two constraints of the IMF are:
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Original signal (unchanged)

(1) Draw the upper and lower
envelope curves respectively
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extreme points of the original signal
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component

1

Output the nth IMF component

Figure 9. The flow diagram of EMD.

(1) The number of extreme and zero points must be equal or differ by no more than
one throughout the data segment.

(2) At any time, the average value of the upper envelope curve formed by the local
maximum point and the lower envelope curve formed by the local minimum point is
zero; that is, the upper and lower envelope curves are locally symmetric concerning the
time axis.

The basic principle of the moving average method is to average a series of data
(such as a PV power data series) according to a certain window size [66]. The ESS can
reasonably arrange charge and discharge according to the power change trend after the
moving average to achieve smooth control of PV power [67]. A power distribution method
based on multiple moving average filtering is proposed in [68]. First, the minimum total
power instruction of HESS satisfying the requirements of suppression is obtained, and then
the respective power instruction of the battery and SC is obtained through multiple moving
average filtering. At the same time, the Pearson correlation coefficient is introduced to
judge the number of filters and the size of the sliding window. The volume of HESS is
determined according to the power distribution results. Finally, the life cycle quantization
model of the battery is established to limit the mode aliasing and reduce the comprehensive
cost of HESS. The moving average method is shown in Figure 10.

B m - @ e E

Pave 1 r Average
L Value 1

Pave 2 Average
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Average
P: 3
e

Figure 10. Moving average method.
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Figure 11 shows the structure of a centralized power smoothing control strategy based

on filters.
ngh/Iow pass filter :Commm+atlm» Battery M’l{ \I
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Figure 11. Schematic diagram of centralized power smoothing control strategy based on filter.

In the optimization-based control algorithm, the power distribution problem inside the
HESS is decomposed into sub-problems under different control strategies by using various
optimization control algorithms. The corresponding control logic deals with these sub-
problems, respectively [69,70]. The commonly used optimization-based control algorithms
mainly include MPC, artificial neural network (ANN), fuzzy logic control, and so on.

MPC uses system models to predict fluctuations in PV power. Through the analysis of
historical solar radiation data, meteorological information, and the current operating state
of the PV system, a dynamic model between PV power and related influencing factors is
established [71]. Based on this model, MPC can predict the changing trend of PV power in
a short time in advance, including the peak value, valley value, and change rate of power.
It can provide a basis for subsequent smooth control [72]. Hredzak et al. [73] proposed an
MPC strategy applied to HESS. The battery and SC are connected to the DC bus through
a bidirectional DC/DC converter. The model prediction controller, respectively, provides
a modulation index to the battery and the SC in HESS to adjust the shared load power
between them. At the same time, it can achieve the distribution effect that the battery
responds to the change of slow load current, and the SC responds to the change of fast load
current by setting a higher cost for changes in battery current. In [74], an MPC strategy
for achieving optimal economic scheduling in microgrids was proposed, which involves
multiple energy storage forms such as battery, FC, and SC. In this system, various energy
storage devices are connected to the AC power grid through inverters. The MPC strategy
also considers the following factors: the system operating cost, energy storage component
degradation cost, and operating constraints. The system achieves the optimal power
allocation of economic cost [75]. The schematic diagram of MPC is shown in Figure 12.

___________________________________
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[ Objective ] [Constraints]
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:_’< >_‘ o : ( Pl Ll y®

Figure 12. Basic principle of the MPC.

The ANN is a computational model that mimics the structure and function of biological
neural networks. It consists of a large number of neurons connected to each other, and
neurons are the basic processing units. These neurons are arranged in layers, usually
including input layers, hidden layers, and output layers. [76]. The ANN can predict changes
in PV power and can generate appropriate control strategies based on the predicted power
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changes. If the power is predicted to rise, the inverter can be controlled to adjust the power
output, or the ESS can be arranged to charge to absorb the excess power. If the power
is predicted to decline, the ESS can be arranged to discharge to maintain the stability of
the power output. In [77], a model-free energy management controller based on HESS
is proposed, which is achieved by ANN with dynamic programming technology. The
dynamic programming technique is used to solve the predefined cost function and provide
the duty cycle after optimization to ANN as training data. After training, the ANN can
operate alone. It can adjust the control signal of the multi-source inverter to satisfy the
required load current and achieve the allocation of performance. The ANN architecture is

shown in Figure 13.

Weights

biases

Output Layer

Hidden Layer 1

Hidden Layer 2

Figure 13. ANN designed architecture.

The core of fuzzy logic control is the fuzzy set and fuzzy rule. Unlike traditional sets, in
the fuzzy set, the degree of membership that elements to the set is a value between 0 and 1,
and it is defined by the membership function. Fuzzy rules usually take the form of “If-Then”
to describe the fuzzy relationship between input and output [78]. For example, “If the
temperature is high and the light is strong, then the power output is high”. In PV devices
with ESS, fuzzy logic control can be used to coordinate the operation of PV and ESS. Fuzzy
rules can be formulated according to the PV power and the SOC of the ESS. If the PV power
is too high and the ESS is not full, then the ESS can charge to absorb the excess power
and achieve a better power smoothing effect. Cohen et al. [79] proposed a control scheme
composed of four PI controllers and one fuzzy logic controller for HESS with pulse load,
and the HESS adopts a semi-active topology. The battery is connected to the DC bus through
a bidirectional DC/DC converter, while the SC is directly connected to the DC bus. So, the
battery can be actively controlled. The proposed fuzzy logic controller uses predefined
fuzzy rules to enable or disable the corresponding PI controller. It can simultaneously
achieve the DC bus voltage regulation and battery output minimization when the pulse
load is accessed. A multi-mode fuzzy logic controller for HESS power distribution used in
PV systems was proposed in [80]. Through the collaborative work of the three fuzzy logic
controller operating modes, it can achieve mismatch power compensation, hybrid energy
storage power distribution, and the restoration function of SC’s SOC in both short-term
and long-term use scenarios. The structure of the fuzzy controller is shown in Figure 14.

Since implementing the above control strategies requires a centralized controller, they
are classified as centralized control strategies. To ensure good control performance, it is
necessary to ensure accurate and timely communication between the central controller
and the local controller. However, the inevitable communication delay and single point of
failure will deteriorate the performance of the centralized control strategy and reduce the
reliability of the microgrid system [81].
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3.2. Distributed Power Smoothing Control Strategy

The basic principle of droop control is similar to the traditional synchronous
generator [82]. In the AC power system, droop control mainly involves two kinds of
droop characteristic relation: power-frequency and voltage-reactive power. When the load
in the system changes or the output power of the distributed power supply changes due to
external factors. The system will automatically adjust the power output according to the
preset droop characteristics based on the detected frequency and voltage changes [83].

Unlike centralized control strategies, distributed control strategies based on droop
control only rely on local information. It can avoid communication requirements among
controllers and reduce the burden of communication and computation in the system. By
adjusting the droop coefficient, the power distribution among distributed power supply
can be flexibly controlled.

V-1 droop control takes voltage as the main control variable, and the current will adjust
according to the change in voltage. It is a feedback control strategy. That is, when the voltage
changes, the current will change according to the predetermined droop characteristics. In
the V-1 droop control strategy, the virtual resistor droop controller and virtual capacitor
droop controller are applied to the battery and the SC, respectively, to automatically achieve
the distribution of power between the two. The V-I virtual impedance droop control
structure is shown in Figure 15. In [84], the SOC recovery loop is added to the control of the
SC, which helps to automatically restore the SC’s SOC and enable it can run continuously.
Xu et al. [85] discussed the influence of line impedance on power distribution and carried
out the corresponding controller loop design. In [86], voltage droop caused by the droop
coefficient is recovered and the control strategy is extended to multiple HESS. For energy
storage unit clusters with a high slow variation rate, an integral droop control strategy was
proposed by Lin et al. [87]. The strategy of coordinated control with the traditional voltage-
power droop control strategy contributes to carrying out the distribution of transient power
in a single HESS in a decentralized manner. Zhang et al. [88] used a virtual impedance loop
to add virtual resistors and virtual capacitors in series between the converter and the DC
bus. It can ensure plug-and-play characteristics while decoupling the power flow among
SC and other distributed generation units.

i dc

Z, droop

Udc ref u I idc
_ref Voltage Cm=d Geons(s) —
conv' -1

controller

o

Figure 15. Schematic diagram of V-I virtual impedance droop control strategy.
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The voltage bias u can be expressed as:

U = Ude_ref — deopidc (13)

where 14, is the DC reference voltage, Z,40p is the virtual impedance, iy, is the actual
output DC current, and Geonv(s) is the transfer function of the converter. After processing,
the error signal u is converted into current command i.,,5, which prompts the transformer
and other links to change the output current according to the current voltage deviation, so
as to adjust the output voltage to the desired state [89].

Similar to the V-I droop control, the I-V droop control takes current as the main control
variable, and the voltage will adjust according to the change in current. When the current
changes, the voltage will change according to the predetermined droop characteristics.
Therefore, I-V droop control is also a widely used control method in microgrid applica-
tions. It takes DC bus voltage as a feedback signal to achieve accurate current sharing.
Figure 16 shows the I-V virtual impedance droop control structure. Wang et al. [90] used
virtual impedance instead of constant droop coefficient in I-V droop control to achieve
dynamic power sharing between battery and SC. In [91], let the battery and the SC absorb
low-frequency and high-frequency power fluctuations, respectively, by refining the vir-
tual output impedance of ESS in the frequency domain. The coordination of time scale
and power scale in distributed microgrid systems can be achieved. A pattern adaptive
decentralized control strategy was proposed by Gu et al. [92]. It can achieve power shar-
ing between different power supplies through the DC bus voltage signal, and establish
the operation mode of the microgrid, in which the control mode can achieve seamless
conversion. A distributed power distribution strategy based on power buffers that can
dynamically form multiple HESS was proposed in [93]. The power buffer and SC can
split the power mismatch into low-frequency and high-frequency parts by adopting the
modified I-V droop control strategy. The low frequency is compensated by the battery
according to the respective SOC, and the high frequency is directly handled by the SC. This
new scheme further eliminates the voltage deviation of the DC bus.

Uge

Temd ,
Ude ref + om ldc

1 /Zdroop > Gconv(s) B

o

Figure 16. Schematic diagram of I-V virtual impedance droop control strategy.

The output current command i.,,; can be expressed as:

icmd = (udc_ref - udc)/Zdroop (14)

where 1. s is the DC reference voltage, i, is the actual DC voltage, and Z,4,), is the vir-
tual impedance (for converters with a Battery, it can be adjusted with the virtual inductance
Ziroop = sLo droop controller; for converters with SC, it can be adjusted with the virtual
resistance deop = R, droop controller), Geony () is the transfer function of the converter
and iy, is the actual output DC current. Due to the addition of virtual impedance, the droop
characteristics of the system can be changed by adjusting the value of virtual impedance,
and the power distribution and dynamic performance of the system can be adjusted [90].
Furthermore, Gao et al. [89] conducted a comparative study on I-V and V-I droop
control. It focuses on steady-state power-sharing performance and stability. By deducing
the system’s output impedance and corresponding dynamic characteristics, a generalized
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analytical impedance model is proposed to explore the system’s stability. Wang et al. [94]
compared the dynamic response performance of I-V droop control and V-I droop control
by establishing a state-space model and proved the advantages of I-V droop control in
dynamic response. In addition, an adaptive PI controller is proposed to improve the
dynamic response while ensuring good steady-state performance. Figure 17 shows the
adaptive PI controller architecture.
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Figure 17. Adaptive PI controller based on droop control.

In Figure 17, Uy4 is the rated voltage, which is subtracted from the feedback signal
u, and the difference value gets the reference current i, s through link 1/7y, where ry is
the droop coefficient. The comparison of the reference current i, 7 with the actual current
i generates an error signal that is fed into the current PI controller. The PI controller
outputs dy, which is used to control the PWM module and then adjust the working state of
the converter.

Let e, () be the absolute error between the current reference and the average inductor
current of the kth converter, then

e(t) = | =7 ualt) — ige(t) (15)
When ¢ (t) changes, Akpy also changes:

Akpk =0 ep(t) < ey
Akpk = kpok ek(t) > e (16)
Akpyis kept unchanging ejx < ex(t) < exx

where Akpy means the variation of proportional term of the kth converter, and Akpy needs
to be increased to kpox to improve the response speed when the absolute error increases to
eox. As the absolute error is less than eqy, Akpy returns to zero to eliminate the error rapidly
and guarantee good stead-state performance.

However, since the difference between the average inductor current and current
reference is not always zero at the very beginning of Ak restoring to zero, the output
duty ratio of the PI controller will change back at the falling edge of Akp to induce that
the output current returns back, which can increase Akpy to ko again. Since the above
processes can take place repeatedly, fluctuations of currents will be induced, and the
dynamic can be weaker.

In order to solve this problem, an improved method for this adaptive PI controller is
proposed. At the very beginning of Ak restoring back, the output duty ratio needs to be
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constant to hold the inductor current, so a compensation term needs to be added to the
output duty ratio at the falling edge of Akpg, which can be computed as

depk = Kpok [iaretk (t) — 14k (t)] (17)

where dpy is the compensation value for the kth converter. Due to this improvement, the
repeated fluctuations of currents can be avoided, and the voltage and current can smoothly
transition from the dynamic process to the steady state. Thus, the dynamic response
performances can be improved by the adaptive PI controller, and the steady characteristics
can be guaranteed simultaneously [94].

4. Discussion and Outlook

The PV power smoothing control strategy can be divided into centralized power
smoothing control strategy and distributed power smoothing control strategy.

A centralized control strategy collects information from the system’s various parts
through a central controller. According to this information, corresponding control decisions
are made to achieve power smoothing control. Through the whole system’s unified manage-
ment and control by the central controller. The system can uniformly allocate and dispatch
power according to the overall operation target and can reasonably arrange the charging
and discharging time and power size according to the energy storage state and PV power
fluctuations to avoid resource waste. But at the same time, it is highly dependent on the
centralized controller. Once the controller fails, it may lead to the failure of the whole power
smoothing control system and cause a great impact on the power grid. In addition, the
centralized controller needs to collect and process a large amount of information from the
system’s various parts, which puts high requirements on communication systems and com-
puting power [95]. A control strategy based on MPC was proposed in [96], which designed
a centralized controller based on MPC'’s current tracking technology. The control scheme
adopts complex model prediction current control for DC/DC bidirectional converter and
adopts model prediction power and voltage combination control for bidirectional inter-
connect converter. Efficient power distribution is achieved for power grid-interactive PV
microgrids with HESS. Sun et al. [97] designed a centralized microgrid control system and
proposed an auxiliary slack bus power control method based on closed-loop feedback and
first-order filtering. The method can not only alleviate power fluctuations to satisfy smooth
control but also compensate for the feeder line loss ignored in the scheduling algorithm.

The distributed control strategy distributes the control to each part of the system, and
each partis controlled by its local controller. Because control functions are distributed across
multiple local controllers, even if one part fails, the others can continue to work. Thus,
the reliability of the system is developed. Moreover, because there is no need for complex
communication and centralized processing, the local controller can directly obtain the local
device information. The system can quickly respond to the output power change [98].
However, because the control is distributed, different local controllers may make different
power adjustment choices according to their information, resulting in the situation of local
optimal but global non-optimal. So, the overall power smoothing effect is not as good as
the centralized control. In [99], a distributed control strategy based on improved DC bus
signaling was proposed for PV power generation systems with battery energy storage. It
considers the power balance of the system under extreme conditions and discusses the
control methods of the DC/DC converter, battery converter, and grid-connected converter.
A power smoothing control strategy for distributed renewable energy power generation
based on SC was proposed in [100]. The power smoothing controller generates a power
reference for the DC/DC converter, which uses sliding mode technology to achieve power
tracking control. The scheme allows the cut-off smoothing frequency to be specified while
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guaranteeing the optimal charging state of the ESS without the need for additional filters
or predictive algorithms.

Droop control does not require complex communication systems to achieve coordi-
nated operation between distributed power sources [101]. It can be based on the volt-
age and frequency information measured locally and automatically adjust the output
power of the distributed power supply according to the preset droop characteristic curve.
Therefore, droop control plays an indispensable role in the distributed power smoothing
control strategy.

The V-1 droop control can adjust the output current according to the voltage change
of each power supply to achieve a reasonable distribution of power among each power
supply. In an ESS composed of multiple batteries, the voltage of a certain battery decreases
due to aging or other factors. The output current of the battery will increase accordingly
through V-1 droop control so that it can share the load power with other batteries to avoid
the overload of a certain battery.

The I-V droop control mainly affects power distribution indirectly through voltage
adjustment caused by current change. If the droop coefficient is set improperly or the
current change in the system is too drastic, the voltage fluctuation may be large. Then, the
stability of the system will be affected. Especially in some load power supply systems that
require high voltage stability, I-V droop control may require finer parameter adjustment
to maintain system stability. Table 3 shows the advantages and disadvantages of the two
droop controls.

Table 3. Comparison of V-I droop control and I-V droop control.

Droop Control V-I Droop Control I-V Droop Control
Characteristic e  Voltage is used as the main . Current is used as the main
control variable control variable

e Good power distribution

Advantages characteristics . Fast response speed
. Slow response speed . Low power distribution
Disadvantages . High requirements for control accuracy
structure design . Relative lack of stability
Apolicati . ¢ Large—sc.ale systems with high Small-scale systems with high
pplication scenarios power distribution accuracy

X response speed requirements
requirements

5. Conclusions

To reduce the volatility of PV power generation and improve energy utilization effi-
ciency, it is necessary to establish a PV power generation system with ESS. In this paper,
ESS is discussed in summary, and HESS is introduced by combining the two key indicators
of energy density and power density. Based on the research of many experts and scholars,
the Battery-SC HESS was finally selected. Moreover, two kinds of power smoothing control
strategies, namely centralized and distributed, were analyzed for HESS power distribution
problems, and the advantages and disadvantages of these two control strategies were
analyzed and discussed.

It was concluded that the centralized control strategy is suitable for systems requiring
unified management of energy storage resources or high control accuracy, such as large-
scale centralized PV power stations. The distributed control strategy is suitable for systems
with complex topological structures or high real-time response requirements, such as
community-distributed PV power generation systems.

In addition, this paper found that most studies only focus on a single control algorithm
in a centralized control strategy or a distributed control strategy, and only a small number
of scholars try to combine the control algorithms in these two strategies. In the future,
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many experts and scholars may combine the advantages of these two strategies to propose
more comprehensive control strategies.
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Abbreviations

PV Photovoltaic

ESS Energy storage system

HESS  Hybrid energy storage system

MPC  Model predictive control

BES Battery energy storage

CAES Compressed-air energy storage
PHES Pumped hydroelectric energy storage
FC Fuel cell

SMES  Superconducting magnetic energy storage
FESS  Flywheel energy storage system

SC Supercapacitor

HES High energy storage

HPS High power storage

EMD  Empirical mode decomposition

LPF Low-pass filter

SOC  State of charge

IMF Intrinsic mode functions

ANN  Artificial neural network
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