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Abstract: The penetration of solar energy in the modern power system is still increasing with a
fast growth rate after long development due to reduced environmental impact and ever-decreasing
photovoltaic panel cost. Meanwhile, distribution networks have to deal with a huge amount and
frequent fluctuations of power due to the intermittent nature of solar energy, which influences the grid
stability and could cause a voltage rise in the low-voltage grid. In order to reduce these fluctuations
and ensure a stable and reliable power supply, energy storage systems are introduced, as they can
absorb or release energy on demand, which provides more control flexibility for PV systems. At
present, storage technologies are still under development and integrated in renewable applications,
especially in smart grids, where lowering the cost and enhancing the reliability are the main tasks.
This study reviews and discusses several active power control strategies for hybrid PV and energy
storage systems that deliver ancillary services for grid support. The technological advancements and
developments of energy storage systems in grid-tied PV applications are also reviewed.

Keywords: PV integration; energy storage systems; flexible active power control; frequency regulation

1. Introduction

PV energy has grown rapidly in the last few years and has occupied quite a proportion
of the electricity market in some regions and power systems. For example, according to
statistics in [1], PV systems have had a significant growth in total capacity from approx-
imately 39 GW in 2010 to 760 GW in 2020. This development has been possible thanks
to the cost reduction and efficiency increase in the PV modules and favourable regula-
tions from local governments (e.g., increasing feed-in tariffs and investment in renewable
energy technologies).

However, as the penetration of solar energy is increasing, it will bring new challenges
for the reliable and stable operation of the connected power grid [2,3]. Conventionally,
the power control of PV systems usually adopt maximum power point tracking (MPPT)
to maximize the energy yield. However, the power production of PV systems during
MPPT operation will follow fluctuations of the atmospheric conditions, which cannot
be controlled. This fluctuation in input power will challenge the power quality of the
electrical system and influence stability, especially in weak grid conditions, which means
low short circuit ratio (SCR) at point of common coupling (PCC) [4]. For example, PV
production in peak power hours may cause overloading in the distribution network, which
can induce voltage rise and damage the domestic appliances [5]. Furthermore, the rapid
changing of solar irradiance (e.g., due to passing clouds) can cause voltage fluctuation in
the power grid [6]. In addition, the losing inherent inertia is another concern, with the
rotating synchronous generators (SGs) being replaced by PV systems [7].

In order to ensure stability and reliability of the grid, integrating energy storage sys-
tems (ESS) into PV systems is one possible solution, as they can provide more control
flexibility. For example, ESS can provide additional power when PV production is insuf-
ficient (e.g., in rainy days) and absorb surplus energy in peak power generation hours.
In this way, ESS can be controlled to regulate the output power of the PV-ESS systems
according to specific grid codes, thus the reliability of the grid can be improved. At present,
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considering the cost and aging problem of the commonly used energy storage technologies
(e.g., Li-ion battery), mixed energy storage systems can be a more cost-effective solution
in combination with PV systems, which improves the performance and reliability of the
overall system and reduces the operation and maintenance cost.

Another solution to enhance the stability and reliability of the grid is to adopt flexible
active power control strategies. In recent years, countries with a significant proportion of
installed renewable energy sources have launched mandatory requirements for renewable
energy generation systems including PV systems [8-11]. In recent grid technical regulations,
several active power control functions are introduced to achieve flexible PV integration into
the grid, which are power reserve control, power-limiting control, power ramp-rate control,
and other ancillary services for frequency support. Based on the functionalities, many
control schemes are proposed [12-14]. However, these methods have limitations in some
specific situations and need to be further improved. For example, these control methods
shift the operation point of the maximum power point (MPP), thus the total energy yield
will be reduced, which decreases the utilization of solar energy, meaning a loss of revenue
for the plant owner. In this regard, ESS can be integrated to provide various support
functions to the grid, according to the commands from distribution system operators.

This paper mainly reviews the application of energy storage solutions with PV systems
(PV-ESS). The remainder of this paper is organized as follows: Section 2 presents the
configuration of the PV and ESS integration, where different topologies of PV-ESS systems
are compared. Section 3 reviews the flexible active power control strategies for PV-ESS
systems, where open issues are also discussed. In Section 4, frequency regulation methods,
which usually imitate the control loops of SGs, are briefly reviewed. Future trends of flexible
power control for PV systems are discussed in Section 5, which forms the conclusion of
this paper.

2. Configuration of PV-ESS Systems

Structurally, topologies of PV-ESS integration systems can be roughly divided into
four categories, as shown in Figure 1. In [15], AC-parallel integration was discussed,
where the ESS was connected with the grid through a bidirectional DC/AC inverter and a
bidirectional buck-boost DC/DC converter. This topology has high flexibility on system
layouts because the ESS is not necessary to be placed in close proximity to PV arrays.
Literature [16] adopted the DC-parallel integration, where the ESS was connected to a DC
bus through a buck-boost DC/DC converter, while PV arrays were connected to the same
DC bus using a unidirectional DC/DC converter. This integration increased the overall
efficiency compared to Figure 1a due to reduced number of converters. Literature [17]
proposed an in-line integration topology. In this topology, an ESS was connected in parallel
with the DC bus without a voltage-boosting stage, which has advantages in residential
applications due to the decreased hardware cost. Literature [18] adopted an AC-series
integration, in which the ESS was integrated into a multilevel converter through a modular
converter. In this way, the system is very flexible due to the modular structure, and PV
arrays can maximize their output, while the ESS, in cases of stand-alone/island operation,
can automatically regulate the voltage and frequency of the grid voltage according to the
load demand.
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Figure 1. State-of-the-art of PV integration with ESS. (a) AC-parallel integration. (b) DC-parallel integration. (c) In-line

integration. (d) AC-series integration.

Recently, in order to reduce the size of power converters and improve the power

density of PV systems, some scholars proposed new topologies based on multiport convert-
ers. Literature [19] proposed a DC-series integration topology for a PV-battery system, as
shown in Figure 2a. In this approach, the PV modules are connected in series with the ESS,
whose output is connected in parallel with a current compensator. Thus, the battery does
not require any voltage-boosting stage (e.g., buck-boost converter) and will support the PV
string voltage to provide more flexibility to the grid. Similarly, literature [20] proposed an
optimized DC-parallel integration method, as shown in Figure 2b. The voltage difference
between PV modules is compensated by the current compensator, so as to realize the MPPT
control of each PV module. In [21], inspired by the in-line integration, a back-to-back topol-
ogy was proposed to integrate PV and the ESS, as shown in Figure 2¢, where the PV-ESS
system could work in grid-connected or standalone mode by controlling the grid-tied
switch. When working in standalone mode (i.e., DC microgrid), the load voltage and the
state of charge of batteries can be regulated based on the demand and supply management
schemes. Literature [22] used a triple-active bridge topology to integrate PV, battery, and
loads shown in Figure 2d. With this three-port isolated converter, the power of each port
can be individually regulated, which increased the control degree of freedom. Based on the
proposed stability control strategy, the PV panels harvested as much power as possible,
and a stable system operation can be ensured by controlling the power exchange between
different ports.

However, due to the changing environmental conditions (e.g., solar irradiance and tem-

perature), there exists frequent power fluctuations and mismatch between power generation
and demand, which requires more focus on dynamic response and energy capacity. Besides,
the cost and battery lifespan should be taken in account. Table 1 concludes the characteristics
of the commonly used energy storage technologies in renewable energy generation applica-
tions, including lithium-ion battery, vanadium redox battery (VRB), lead-acid battery, and
supercapacitor (SC). It can be seen from Table 1 that different energy storage technologies
have great differences in energy and power density, lifespan, response dynamics, and price,

which indicates that none of them can meet all the aforementioned requirements.
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Table 1. Characteristics of different ESS elements [23-25].
Parameters Lead-Acid Battery Li-Ion Battery VRB Supercapacitor
Energy density (Wh/kg) 10-100 150400 20-70 10-20
Power density (W/kg) 90-700 1000-5000 1-10 4000-10,000

Cycle life 1000 5000 >10,000 >500,000

Cycle efficiency 70-90% 90-99% 60-85% 85-98%
Charge/discharge time min-h min-h h s-min

Price (USD/kWh) 100 600 150 2500

In order to develop the advantages of different energy storage technologies and
bypass their shortcomings, multiple types of storage technologies can be combined to
complement each other and form a hybrid ESS (HESS). Depending on requirements of real-
life applications, different types of hybrid energy storage systems can be formulated [26].
Literature [27] adopted a HESS consisting of lead-acid batteries and VRB to suppress the
power fluctuation. Aiming to minimize the overall cost of installation and maintenance,
an optimal capacity allocation model for the economic operation was established, which
proved the effectiveness of reducing investment in power plants. Literature [28] proposed
a HESS combined with lead acid battery and nickel cadmium battery, which showed longer
charge/discharge life cycle compared with a single battery. Literature [29] used Li-ion
batteries and superconducting magnetic energy storage to suppress wind power fluctuation
based on an empirical mode decomposition algorithm. In [30], a HESS consisting of VRB
and SC was adopted to reduce the fluctuations in output power of PV plants, which showed
an increased overall efficiency. Literature [31] proposed a multi-timescale hybrid energy
storage power coordination control strategy based on a HESS including compressed air,
battery, and supercapacitor to smooth out the power fluctuation. Although the effectiveness
of different types of HESS have been proven, it should be noted that combinations of energy
storage technologies should be determined according to specific applications, and there is
no optimal HESS that fits all scenarios.

At present, the most commonly used HESS usually consist of batteries and superca-
pacitors, because they can complement each other in dynamics, lifespan, capacity, and cost,
which makes this combination very cost effective. In this regard, based on DC-parallel
integration presented in Figure 1b, literature [32] classified different hybrid battery-SC
topologies into three types, as shown in Figure 3. The passive HESS connection has the
lowest hardware cost without any additional DC/DC stage, but needs a high battery
voltage, which is not suitable in household applications. The active connection has a wide
operating voltage range, which makes the best of the energy storages. Moreover, [33]
compared the battery lifetime and cost of different HESS topologies during a day, which
indicated that semi-HESS perform at a lower cost than passive HESS systems. Ref. [34]
investigated the annual storage cost, which showed the unit cost of battery-SC with active
HESS topology is lower than that of the battery-only case.
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PV power

Output power

3. Flexible Active Power Control Methods

In order to avoid instability or overloading and improve the flexibility of distribution
networks, PV power plants must be equipped with constraint functions. Countries with a
large proportion of installed renewable energy share (e.g., Denmark, Germany, Austria,
China) have a series of technical regulations for the PV power plants operation [8-11]. For
example, the active power control requirements in Denmark are shown in Figure 4, where
the constraint functions are divided into power reserve control (delta power constraint),
power ramp-rate control, and power-limiting control (absolute power constraint). The
control strategies based on these constraint functions will be reviewed in this section.

Available power MPPT control

Power limiting
control

Reserve (AP)

/4 ! —
| \ Power ramp-

Power reserve control |

- »'
- »

rate control

Zonel | Zone 2 iZone 3 Zone 4

Time

Figure 4. Active power control functions of PV systems defined in Danish grid code.

3.1. Power Reserve Control

As shown in Zone 2 of Figure 4, the power reserve control (PRC) will keep a constant
power reserve during operation, which increases the virtual inertia capacity for potential
grid support and thus improve the reliability of the distribution power system.

In order to keep a constant power reserve AP, the instantaneous PV output power ppy
needs to be reduced according to the available PV power payai, which can be represented as:

Ppv = Pavai — AP 1)

Therefore, the power reserve control strategy can be achieved by adjusting the PV volt-
age reference according to the modified MPPT algorithm, where the PV voltage reference
can be expressed as:

o { Umpp [va < Pavai — AP @)
pY Upv — Ustep [va > Pavai — AP]
where vr*npp is the voltage reference from an MPPT algorithm, and vgtep is the perturba-
tion size.

In this approach, acquiring the instantaneous maximum power point is the premise to
ensure the required power reserve. In the prior-art work, there have been some methods
to estimate the maximum power point (MPP) explored to realize power reserve control
without energy storage, including some model-based methods (e.g., sky camera or ground
sensor-based forecasting, empirical model-based estimating, P-V curve fitting), master—
slave strategy, and the perturb and observe (P&0O) method [35-38]. The pros and cons of
these methods are summarized in Table 2.
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Table 2. A summary of PRC methods.

Methods

Advantages Disadvantages

P-V curve fitting [35]

Heavy computational burden
Sensitive to parameters of PV arrays
Dependent on sampled points

Good robustness
Reduced hardware cost

Heavy computational burden

Empirical model-based estimating [36] Reduced hardware cost Big data needed

Sensitive to parameters of PV arrays

Extra cost of sensors

Sensor-based forecasting [37] Real-time measurement .
Complexity
impl L
Master-slave strategy [12] . Simple Commur}lcatlon needed. .
Real-time measurement Dependent on entire system configuration

P&O method [38]

Good robustness

Reduced hardware cost Power and voltage impulses in DC link

It can be seen from Table 2 that the former three methods require the availability of big
data or are highly dependent on the accuracy of PV characteristics, which may deviate over
time. The master—slave strategy can estimate the available PV power in real time and is
usually applied to multi-string PV systems. In residential applications, the P&O method is
a more promising way to estimate the PV available power, whose principle is illustrated in
Figure 5. In this algorithm, a perturbation is made in the operating point of the PV system,
and then, the new power is measured and compared to the previous value to determine the
perturbation direction. Thus, the MPP of the PV system under specific solar irradiance and
temperature can be estimated. In Figure 5, the MPPT control is periodically employed, and
every time the maximum power point is measured, the PV system will switch to the power
reserve mode immediately. In this way, a certain amount of PV power can be reserved.

A Available
power .
R

Output power

PV power

Time
Figure 5. Principle of power reserve control with P&O algorithm.

However, as shown in Figure 5, it is inevitable that the transient power impulses will
be introduced during the PRC mode. These periodical impulses will challenge the power
quality and the stability of the grid and will decrease the lifespan of power electronics
devices in the long run. Therefore, the power impulses have to be eliminated properly.
As an effective solution to this, ESS can be integrated into PV system. In this regard,
literature [39] adopted a capacitive DC link to store the peak power and damp the impulses.
However, the storage of a DC link capacitor is limited, and the fluctuation in DC voltage
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may exceed the safe range when the reserved power is large. Moreover, the frequent charge
and discharge of a DC link capacitor will adversely affect its lifespan and the output power
quality. Literature [40] proposed a control solution for grid-connected microgrids, where
an SC-based ESS was used to deal with the transient power exchange so that the robustness
and reliability of the system was increased. Literature [41] used a Li-ion battery ESS to
provide active power reserve, while the PV arrays operate at MPPT. Nevertheless, in this
case, the reserved power is completely restored in the battery ESS, which is a costly solution
due to the redundancy capacity of ESS. In [42], a battery-SC HESS was used to realize an
inertia emulation control, in which the battery was used to deal with the slow-changing
power variations, while SC was used to deal with the fast-changing power variations (i.e.,
power impulses). In this solution, the HESS has shown good performance, where the
efficiency and lifetime of the battery was increased, and the reliability of the PV system can
be enhanced.

3.2. Power Ramp-Rate Control

As shown in Zone 3 of Figure 4, the power ramp-rate control (PRRC) is introduced
to limit the PV power change rate, so as to reduce the voltage fluctuation in distribution
networks. During this control mode, the power change rate is limited within a given value
R}. The power change rate R; is defined as the ration of the power difference measured
Appy to the time period At, which can be expressed as:

Appv
R(H) = =58 )

The principle of PRRC summarized as: when the power change rate is below the
ramp-rate limit, the MPPT algorithm will be employed; when the change rate is over the
limit, the output power of PV systems should be reduced immediately, until the power
change rate meets the required ramp-rate limit. In order to achieve this function, a modified
MPPT algorithm can be adopted, where the operation points of PV systems can be adjusted
by regulating the PV voltage v, . The principle of PRRC can be expressed as:

: Um [R(#) < R
{ z)pV *p'(};step [R(t) > R;k] (4)

where vy, is the output voltage provided by the MPPT algorithm, and vstep is the pertur-
bation voltage.

Clearly, the PRRC algorithm can only function in the power ramp up conditions due
to the power curtailment. When the PV production decreases, predicted solar irradiance
or additional power will be needed to control and maintain the ramp-down power rate.
In order to limit the ramp rate in decreased solar irradiance, one way is based on the
ground-forecasting systems to predict the ramp down events and curtail the PV production
in advance. Another way is to integrate ESS into PV systems. In this regard, literature [43]
proposed a forecasting-based active power curtailment (FAPC) method, which can make
the energy storage equipment redundant. The principle of the FAPC method is shown in
Figure 6, where Ppy1 and Py, denote the available PV power at the high solar irradiance
and low irradiance conditions (e.g., during cloud shadow), respectively. The FAPC method
is a cost-effective solution, since it can curtail the power before the solar irradiance sharply
decreasing, and it does not require ESS or only minimum ESS. Therefore, the reliability
of the entire system can be improved as the number of potentially faulty components is
reduced. However, without storage, the self-consumption in PV systems becomes lower
due to the loss of curtailed energy. In some cases, the economic losses caused by the power
curtailment may offset the benefits of reduced equipment costs.



Energies 2021, 14, 7388 10 of 25

|

Ramp-up Ramp-down

FAPC
control

MPPT
control

PV power

By

A

Time
Figure 6. Principle of FAPC method in [43].

Generally, the ESS is used for PRRC implementation by absorbing or injecting power
to smooth the fluctuation. The framework of ESS-based PRRC in most cases is shown
in Figure 1b, where various smoothing methods can be adopted to regulate the power
exchange of ESS and the DC bus. Additionally, the principle of ESS-based PRRC is shown
in Figure 7.

Available

power \

Output
power

/

Battery
charge

Battery
discharge

PV power

Time
Figure 7. Principle of the ESS-based PRRC method.

In prior-art work, the PV smoothing algorithms with ESS can generally be categorized
into two types: filter-based methods [44-47] and gradient methods [48]. Filter-based
methods are used in most applications with ramp-rate constraints, where the instantaneous
power of PV production are filtered and then provided to the ESS as a power reference.
There have been many filter-based methods developed and discussed in ramp-rate control
cases. Commonly used filter-based methods include moving average (MA) filter-based
algorithms (e.g., MA, exponential MA, i.e., EMA), low-pass filter (LPF)-based algorithms
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(e.g., LPF, second-order LPF, i.e., 2-LPF), and some other filter-based methods. The gradient
methods directly compensate the needed power to limit the power ramp rate according to
the instantaneous derivatives of the PV output power, which indicates that this kind of
method does not filter the PV output power. The comparison of different ESS-based PRRC
methods is summarized in Table 3.

Table 3. A comparison of power smoothing methods.

Methods Advantages Disadvantages
Simplicity .
MA [44] Small computational burden Rely on previously sampled data
T Large ESS required
EMA [43] Simplicity Poor ability to regain SOC of ESS
LPF [46] Suppress high-frequency power Large ESS required
fluctuations Sensitive to irradiance variations
Suppress higher-frequency power
fluctuations
2-LPF [47] ESS capacity reduced Sensitive to irradiance variations

Long life expectancy of ESS
Fast dynamics

Gradient control [48]

Complexity

Independent of past irradiance data Short life expectancy of ESS

It can be seen from Table 3 that the 2-LPF method has a better performance with
fast dynamics and long life expectancy of ESS. Furthermore, in order to enable more cost-
effective PV systems, many types of energy storage technologies have been integrated with
PV systems apart from a battery, such as superconducting magnetic energy storage [49]
or an electrochemical capacitor [50]. Recently, it has been more popular to integrate
hybrid ESS into PV systems instead of single ESS. For example, a multiple ESS was used
in [51] to limit the ramp rate of PV output power at different time scales and proposed
a coordination strategy to optimize the ESS capacity. In [52], a hybrid (battery and ultra-
capacitors) ESS was used for ramp-rate control in PV plants, and a techno-economic model
was presented to compare the cost-effectiveness of HESS with different capacities. These
attempts have proven the feasibility and cost-effectiveness of HESS in power ramp rate
control applications. Therefore, there is the possibility to explore more power smoothing
methods or coordination strategies between PV and ESS to achieve a better performance of
ESS-based PRRC in PV systems.

3.3. Power-Limiting Control

As depicted in Zone 4 of Figure 4, the power-limiting control (PLC) is typically used
to avoid overloading in distribution networks. Through the MPPT operation, the output
reference can be the PV power pyp,.,, current iy, and voltage vy, As a consequence,
these three variables can be adopted to realize the PLC operation. In the prior-art work,
the PLC strategies adopted in the literatures can fall under three approaches, as shown in
Figure 8, which are direct power control [53], current-limiting control [54], and modified

MPPT strategy [55].
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Figure 8. Control structures of different power-limiting strategies. (a) Direct power control [53]. (b) Current-limiting
control [54]. (c) Modified MPPT strategy [55].

The principle of the three approaches can be summarized as: when the power reference
p;’knpp from MPPT algorithm is below the power limit (Pjj,;;), the PV systems will work in
MPPT mode; when the available PV power anpp exceeds Pyimit, the PV output power will
be maintained constant (i.e., P;v= Piimit)- It should be noted that there are two operation
points corresponding to the same power, which, respectively, are located at the left side
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and right side in the curve of PV power-voltage characteristics. Therefore, the PV voltage
reference vy, based on modified MPPT strategy can be expressed as:

o { Upnpp Pmpp < Plimit )
pv
Opv + Ustep p ;knpp > P limit

where vy, is the output voltage provided by the MPPT algorithm, and vstep is the per-
turbation voltage as defined before. When PV systems work at the left side of MPP, the
PV voltage should subtract the perturbation size (i.e., vpy — Ustep). Otherwise, when the
operation point is at the right side of MPP, the PV voltage should add the perturbation size,
that is, vpy + Ustep-

Intuitively, the power-limiting control is the simplest to realize among the three
aforementioned power constraints, because it just need a comparison between the constant
power limit and the instantaneous PV production. However, maintaining the operating
point at the corresponding flexible power point is still a challenge for power-limiting control,
where the stability, dynamic, and steady-state response are major concerns, especially under
changing environmental conditions. In order to concisely compare the performance of
different PLC strategies, a table is made regarding the dynamic responses, tracking errors,
and stability, as shown in Table 4 below.

Table 4. A comparison of the PLC strategies [56].

Methods Dynamic Responses  Tracking Errors Stability

Direct power control fast small medium
Current-limiting control fast small low
Modified MPPT strategy (left) slow medium high

Modified MPPT strategy (right) slow large medium

It can be seen from Table 4 that the modified MPPT strategy (when operating at the left
of MPP) has high robustness and minor tracking error, which makes it a cost-effective way
to achieve power-limiting control. On the other hand, direct power control and current-
limiting control have advantages in dynamic response and complexity. If combined with
some energy storage technologies, they can obtain superiority in some specific applications.

The PLC will limit the feed-in power of PV systems under a given value. One way
to absorb the excessive PV power is to integrate local loads (e.g., domestic appliances) or
dummy controllable loads [57]. The configuration of dummy loads integrated into PV
systems can be demonstrated in Figure 1b, where the battery is replaced with dummy
loads, and a matrix converter is commonly adopted as the DC/DC stage connected to
the DC bus. Nevertheless, in this case, the surplus PV power cannot be recycled without
being stored but dissipated by the loads, which decreases the utilization of solar energy.
Moreover, there is no possibility to apply the redundant PV power to grid support or
self-consumption.

In order to improve the utilization of solar energy in PLC mode, the ESS can be
integrated for load shifting and self-consumption. In this regard, many researchers focus
on maximizing the profits of PV systems [56-60]. Literature [58] proposed a charging
strategy for PV-battery switch station, which ensured supply reliability of the battery
station and improved the self-consumption of PV systems. This strategy contributed
to the service availability and operation profit, which makes it an appealing solution.
Literature [59] analysed the profitability of PV systems under different billing scenarios,
then designed the best sizing parameters of PV and battery in each case. Therefore, it
gives a reference scenario for potential customers of rooftop PV systems and provides
advice for PV investment. In [60], a demand side management algorithm was used in a
PV-ESS system, where the utilization of PV production on-site can be maximized. This
paper helps to create energy-independent buildings and contributes to maximizing the
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economic profit for building users and offers technical benefits for distribution network
operators. Furthermore, the effects of self-consumption on grid and PV systems (e.g., grid
relief, reliability) have drawn more attention in recent years. Literature [61] compared the
grid-relieving effects of several self-consumption strategies, so that the load-shifting can be
made based on the PV power supply and load demand. In [62], the impact of the proposed
energy management strategy on battery lifespan was investigated in a typical Danish
scenario, and the battery degradation under different operation scenarios was analysed
based on a battery lifetime model. Therefore, the influence factors on battery lifetime can
be represented, which is helpful to develop an energy management algorithm to increase
the battery life expectancy as well as the self-consumption. Literature [63] adopted ESS to
enhance the reliability of PV inverter with considering some self-consumption strategies. It
turned out that the ESS can reduce thermal stress and damage of power devices to some
extent, thus obviously improving the reliability of the PV system.

In conclusion, in order to avoid overloading and voltage rise on the distribution
network and ensure a secure power supply, it is necessary for it to be equipped with some
active power constraint functions. Hence, flexible active power control methods have
drawn much attention and been an interesting topic. Specifically, power reserve control
can keep a certain amount of power for potential frequency regulation, and the accurate
MPP estimation is the most essential task in this control mode. Besides, further research is
needed on integrating ESS into PV systems to achieve power reserve control. For power
ramp-rate control, it is important to coordinate ESS and PV to limit the ramp rate. In
HESS solutions, dispatching power between energy storage elements is still a challenge, in
order to achieve a longer system lifetime and lower cost. As for power-limiting control,
its challenge is to increase the utilization of solar energy and self-consumption, thus ESS-
equipped PV systems present several possibilities for research. Control strategies still
remain to be further developed to lower the operation cost, while some ancillary service
(grid-relieving, lifetime extension) can be considered.

4. Frequency Regulation Methods

The main purpose of flexible power control presented in Section 3 is to avoid over-
loading or instability in distribution networks. Additionally, active power control can also
provide one reference for frequency control in case of grid frequency deviations. On the
basis of meeting the aforementioned active power constraints, PV power plants must be
equipped with frequency support as well. The objective of the frequency control function
is to control active power to stabilize grid frequencies when frequency deviations arise in
the public power grid. Frequency control functions have been defined in different counties
with large proportion of renewable energy [8-11]. As an example, Figure 9 depicts the
frequency control curve for PV plants in the Danish grid code [8], where Py, is the reserve
power for providing frequency stabilization (upward regulation) in the case of falling grid
frequency. Additionally, the frequency points f1 to f, are set to produce different frequency
response curves in line with the delivery requirements for the critical power frequency an-
cillary service. f5 and f are setpoints for final frequency for regulation and final frequency
for control, respectively. Droop 1 to droop 4 are droop coefficients in different frequency
ranges and stated as a percentage of the plant’s nominal output. The parameters can be
seen in the signal list for PV plants in [64].

In the prior-art work, the frequency control for PV systems usually emulates the
working principle of synchronous generators through virtual synchronous generators
(VSG), which act as synchronous inverters and show flexibility and natural friendliness to
the power grid [65]. Considering the mechanical inertia and damping loops in synchronous
generators, the frequency regulation can be realized generally in two ways, i.e., virtual
inertia control (VIC) and frequency-damping control (FDC). By doing this, the inertia and
damping of PV systems can be improved correspondingly. Therefore, the frequency control
strategies will be reviewed in this section.
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Figure 9. Frequency control curve for PV plants in Danish grid code.

4.1. Virtual Inertia Control

Conventionally, the grid frequency is regulated by the SG rotors, where mechanical
inertia and damping determine the frequency characteristics. It can be seen from Figure 10
that there are two loops between the power and frequency, i.e., inertia loop and damping
loop, which form the swing equation of an SG. Therefore, the swing equation can be
expressed as:

Pn—Pe=2Hw+ D(w —1)
- (6)
O=w-1

where P, and P, are the mechanical power and the electro-magnetic power of the SG,
respectively, H and D are the inertia constant and damping coefficient, w is the angular
frequency, w is the differential of the frequency, and 0 is the internal voltage phase angle of
the SG.

D |=

+>§ 1 1 -I-% 1
> o > — —> 0
2H | o s o -8 Ao | s

Pe 1

Figure 10. Diagram of the swing equation of SG motors, where Aw is the angular frequency deviation.
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Virtual inertia control in PV systems can provide inertia support by emulating the
inertia loop in SG rotors. Therefore, according to Equation (6), the PV output power should
be controlled to proportionate the rate of change of frequency (RoCoF) to achieve the
virtual inertia control, i.e.,

Pyic = 2Hpyw )

where Pyjc is the PV power reference for the VIC and Hpy is the virtual inertia provided
by the PV system.

The virtual inertia that PV systems can provide is constrained by the available power
for frequency regulation as well as the RoCoF threshold defined by grid codes, i.e.,

{ HPV_max = PV;CJ;?&X (8)

Hpv_min =0

where Hpy max and Hpy nin are the upper and lower bounds of Hpy, w; is the RoCoF
threshold set by the system operator, and Pyic_max is the available power that the PV
system provides for VIC.

In prior-art work, various inertia control methods were proposed for PV systems,
which can be generally classified into methods without energy storage units and with
energy storage units [66—71]. In [66], an inertia-based regulation strategy was proposed
without energy storage for grid frequency support. In this method, reserved power by
modifying the MPPT algorithm has been used to regulate the frequency when there is
a mismatch between power supply and demand, thus the stability of frequency can be
improved. Nonetheless, due to the insufficient capacity of reserved power by a residential
PV system, the grid frequency can only be regulated to a very small extent. In [67], smart
loads (i.e., voltage-dependent noncritical loads) were used to enable grid inertia support.
By regulating the voltage and power consumption of the noncritical loads, which are
integrated through power converters, the grid voltage and frequency can be eventually
regulated. Apparently, a lot of communication was need between the system operators and
residential loads (e.g., electric heating, lighting, and cooling machines), which improved
the cost and decreased the performance of the loads.

In real-life applications, energy storage systems are widely used to improve the inertia
and regulate the frequency of the point of connection. In PV-ESS systems with virtual
inertia control, the PV arrays and ESS can be integrated in AC-parallel integration or DC-
parallel integration in Figure 1. Table 5 concludes the commonly used ESS in virtual inertia
control in PV systems, including DC link capacitor [68], supercapacitor [69], battery [70],
and flywheel [71].

Table 5. A comparison of the ESS-based inertia support strategies.

Methods

Advantages Disadvantages

DC-link capacitor [68]

Without additional investment

Simplicity Limited by the operation condition of the

Great numbers converter
High power density Small capacity
Supercapacitor [69] Long lifetime Hieh cost
Fast dynamics &
Battery [70] Large capacity Real-time RoCoF measurement required
y High energy density Potential instability concern
High power density High cost

Flywheel [71]

Long lifetime

S . Difficult operation
Easy control for inertia emulation cult operatio

It can be seen form Table 5 that DC-link capacitors are the most common and cheapest
solution among various types of ESS due to their great numbers in power converters.
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However, they are limited in a certain range to avoid over modulation, and this method
can only be used in the cases in which DC-link voltage can be changed. In contrast,
flywheels have a much higher cost, and they can store kinetic energy, which means the
inertia emulation can be easily realized through regulating the rotating speed. As for
batteries and supercapacitors, they have opposite characteristics in power density and
energy density, which means they can complement each other. Combining different energy
storage technologies in consideration of their characteristics, HESS can be formed in inertia
emulation applications. In this regard, [72] proposed a power management strategy for
virtual synchronous generators with a hybrid battery /supercapacitor ESS integrated. When
the system frequency was disturbed (e.g., by changing loads), the supercapacitor dealt
with the transient power impulses and the battery tackled the power fluctuations with
slow dynamics.

4.2. Frequency-Damping Control

From Figure 10 and Equation (6), the frequency-damping control needs to emulate the
damping loop of a SG. Therefore, in order to realize the frequency-damping control, the PV
output power should be controlled to proportionate the frequency deviation, i.e.,

PFDC = Dvaw (9)

where Pppc is the PV power reference for the frequency-damping control, and Dpy is the
damping that the PV system provides. Accordingly, the damping that PV systems can
provide is constrained by the available power for frequency regulation and the frequency
deviation threshold according to the grid code, which can be expressed as:

D — By FDC_max
PV_max Aw; ( 1 0)
Dpy_min =0

where Dpy_max and Dpy_min are the upper and lower bounds of Dpy, Awy is the steady-state
frequency deviation threshold set by the system operator, and Prpc_max is the available
power that the PV system provides for the frequency-damping method.

In prior-art work, most literature adopted droop control to realize the frequency
damping due to its simplicity. The frequency droop characteristics are shown in Figure 11,
where f is the frequency of the grid, f1 is the lower limit of the frequency dead zone,
fu is the upper limit, and fin and fmax are lower and upper frequency limit of system
trip, respectively. The dead zone is a range that grid frequency fluctuates without any
control intervention, and when the frequency exceeds the dead zone, the PV station will
produce an active power output change, which is proportional to the frequency deviation.
In this regard, a control strategy of the PV system was developed in [73] to participate
in grid frequency regulation. In this paper, a certain reserve was kept through PV power
curtailment, so that the PV power could regulate the grid frequency by increasing or
reducing a certain amount of output power according to the frequency deviation. This
strategy limited the frequency recovery speed, so that the unfavourable disturbance to
the system can be reduced, which improved the grid stability. In [74], a decentralized
frequency regulation strategy for PV plants was proposed based on droop control. After
the system frequency changes, each PV power unit calculates the active power adjustment
amount according to the frequency regulation coefficient and then adds the power change
to the PV unit active power control system. Therefore, the response time can be reduced,
since each PV unit can achieve frequency regulation directly through the change in terminal
frequency value, which makes full use of the fast adjustment of their own active power.
Ref. [75] discussed the disadvantages of conventional droop control of PV and energy
storage-based microgrids and proposed an improved frequency adjustment strategy based
on feedforward power, whose control diagram is shown in Figure 12. In this diagram,
* represent reference values, and P’, Q” are feedforward power provided by PQ calculation
through a high-pass filter. R and K are droop coefficients of P-f and Q-U, respectively. It can
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be seen from Figure 12 that the additional virtual inertial link can regulate the response time
by changing the inertia time constant, thus slowing down the transition process in power
fluctuation. In addition, the power feedback can quickly detect the load disturbance and
obtain the power compensation instructions. Therefore, a steady transition and recovery
process can be ensured; hence, the frequency stability can be improved.

AAP (pu)

Dead band

Jmin N f(pu)

Figure 11. The frequency droop characteristic in droop control mode.
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Figure 12. The control diagram in [75].

In order to improve the performance (e.g., dynamics) of PV systems in supporting the
grid frequency, some new frequency-damping methods have been proposed. For example,
an adaptive strategy, which provides a fast transient response, was proposed in [76], where
an estimation method of variation of frequency was adopted, taking into consideration the
correlation linking system frequency variation. Ref. [77] adopted a fuzzy-based control
strategy for PV systems to regulate frequency without energy storage. In this method, the
frequency deviation and changing inertia were used as the inputs of the fuzzy controller,
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whose output determined the operation of the PV systems; thus, the reserved power was
used to support the grid frequency. In [78], a nonlinear control algorithm was proposed to
adjust the voltage and frequency of PV systems to their nominal values. In this method,
the frequency regulator consisted of two sub-modules, where one sub-module modified
the reference of another sub-module when the frequency deviation occurred. By doing this,
the transient performance of PV systems can be improved. Ref. [79] proposed an active
power control strategy based on the combined power-frequency droop characteristics to
support the grid frequency, as shown in Figure 13. The active power output is determined
using P-f droop control; the slow frequency control deals with load-frequency control, and
the fast frequency control deals with the inertial response. Therefore, the developed control
strategy can provide proper active power in light of the predetermined characteristics
without affecting each other.

Recently, it has been a trend to combine virtual inertia control and the frequency-
damping method in PV systems to support the grid frequency. In this regard, [80] proposed
a coordination strategy of VIC and FDC for optimal frequency support. The control
structure of this method is shown as Figure 14. It can be seen from Figure 14 that the input
of the PI controller can be obtained from the available PV power, the reserved power, and
the additional reference introduced by VIC and FDC. Through the PI controller, the duty
cycle will be generated to control the converter. This method can maximize the power
regulation capability, which is a cost-effective solution to enhance the stability of the grid
frequency. In [81], the impact of ESS on the frequency stability of the grid was discussed,
where the virtual inertia control was used for inertia response, and the droop control was
used for primary frequency response. The control structure is shown in Figure 15. It proved
that implementing virtual inertia control with ESS can support the frequency, emulating
inherent inertia and frequency-damping control in different timescales.

For the VIC and FDC, respectively.

In conclusion, by emulating the control loops of synchronous generators, two fre-
quency regulation methods can be formed, i.e., virtual inertia control and frequency-
damping control. For virtual control, ESS is widely integrated into PV systems to provide
virtual inertia for frequency regulation, and it is an interesting topic to combine different
energy storage elements to achieve virtual inertia control in a more flexible way. As for
frequency-damping control, the droop control is widely used in most cases. Considering
the response time, some improved methods (e.g., fuzzy control) have been proposed, which
shows better performance than droop control. Recently, it has been a trend to combine
virtual inertia control and frequency-damping control for grid frequency regulation, which
can function in different timescales and shows a better performance than a single method.

A Power

fast control
s slow control
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>
49.8 50 50.2 7 (Hz)

Figure 13. Combine P-f droop characteristics in [79].
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5. Conclusions

A review of the flexible active power control based on PV-ESS systems was presented
in this paper. Firstly, the topologies of PV-ESS integration were classified, and their
advantages and applications were discussed subsequently. Integrating ESS into multiport
converters is an interesting direction, where the power density and efficiency can be
improved. Nonetheless, proper control strategies are the main challenge. In addition,
lowering the cost of PV systems in residential and commercial applications is always an
important aim. Considering the efficiency, cycle life, price, and capacity of different energy
storage technologies, a hybrid ESS is more cost effective than a single ESS. Hybrid ESS still
remains a hot topic with a lot of research to be carried out in the future.

Furthermore, this paper also introduced the active power constraints in different
countries, continuing with the review and comparison of several active power control
strategies (i.e., power reserve control, power ramp-rate control, and power-limiting control).
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Given that these control strategies are based on power retrenchment, which cannot supply
additional active power to the grid during certain scenarios, an ESS needs to be integrated
for effective grid support. At present, the studies about flexible active power control
methods based on PV-ESS are insufficient. Specifically, (1) the coordinated strategies of
PV and ESS need to be further developed to meet the grid requirements and to enable
grid-friendly systems. (2) Hybrid ESS can be further explored considering the cost and
ancillary services (e.g., self-consumption) to make the PV-ESS systems more profitable.
Therefore, to integrate the PV systems into the grid in a flexible and cost-effective way is
still a major challenge.

On the basis of active power constraints, some frequency regulation methods were
reviewed. Inspired by the characteristics of synchronous generators, which regulate the grid
frequency through the inertia loop and damping loop. Accordingly, the frequency control
of the grid with the support of PV systems can be realized through virtual inertia control
and frequency-damping control. In virtual inertia control, various energy storage unit have
been integrated into PV systems according to specific applications. Recently, hybrid ESS
became a promising solution for virtual inertia control due to its cost effectiveness. As for
frequency-damping control, droop controller are used in most applications. Considering
some nonlinear components in PV systems, a few novel control methods (e.g., nonlinear
control) are adopted to enhance the stability and improve the dynamic response of the
frequency. In addition, a combination of virtual inertia control and frequency-damping
control has become a trend to achieve fast and reliable grid frequency support both in short-
and long-term events.
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Abbreviations

The following abbreviations are used in this manuscript:
EMA  Exponential moving average

ESS Energy storage system

FAPC  Forecasting-based active power curtailment
FDC Frequency-damping control

HESS  Hybrid energy storage system

LPF Low-pass filter

MA Moving average

MPPT Maximum power point tracking

PCC Point of common coupling
PLC Power-limiting control
P&O  Perturb and observe

PRC Power reserve control
PRRC  Power ramp-rate control
SC Supercapacitor

SCR Short circuit ratio

SG Synchronous generators
VIC Virtual inertia control

VRB Vanadium redox battery
VSG Virtual synchronous generator
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