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Grid-Friendly Power Control for Smart Photovoltaic Systems

Qiao Penga, Ariya Sangwongwanicha, Yongheng Yanga,∗, Frede Blaabjerga

aDepartment of Energy Technology, Aalborg University, Pontoppindastraede 111, 9220 Aalborg, Denmark

Abstract

The still increasing penetration of power electronics into the modern power systems challenges the entire system stability,
which requires more advanced control strategies to address the issues. One of the challenges is the variability of renewable
energies, including photovoltaic (PV) systems, which are generally operating with uncertainty and intermittency (non-
dispatchable). In this regard, flexible power control solutions are of high interest for PV systems, as an essential function
of smart PV inverters, to minimize the adverse impact in grid-integration and operation. On the other hand, PV
systems can be adapted to provide ancillary services, e.g., voltage and frequency support through the power control.
This paper thus presents an overview of the recent advances in flexible active power control (FAPC) that enables grid-
friendly integration of smart PV systems. The demands for the FAPC are introduced from the grid’s perspective. Then,
various FAPC schemes are reviewed, among which the control strategy by modifying the maximum power point tracking
(MPPT) is the most feasible and efficient without any hardware modifications. This is known as the flexible power point
tracking (FPPT), which is further illustrated by case studies. Additionally, a power reserve control (PRC) facilitating
comprehensive voltage and frequency support to the grid is discussed in detail. Future research perspectives are also
presented.

Keywords: Smart photovoltaic systems, flexible active power control (FAPC), grid-friendly integration, flexible power
point tracking (FPPT), power reserve control (PRC), frequency control
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1. Introduction

Solar PV systems are becoming the game changer and
the key player in modern power generation seen from the5

renewable energy resources’ perspective. It is expected
that the total global-installed PV generation capacity will
be over 1 TW (Solar Power Europe, 2019). In some coun-
tries, like China and Germany, the strategical develop-
ment of solar PV power utilization is of high importance10

(Zhang et al., 2017; Harry Wirth, 2019). However, tech-
nical issues may also arise with the large-scale adoption
of PV systems. For example, as the power generation
of PV systems is largely dependent on the environmental
conditions (e.g., solar irradiance level and ambient tem-15

perature), there may be unexpected overloading during
the peak-power generation periods, which may introduce
severe over-voltage issues (David Maxwell, 2013). Simi-
larly, when the irradiance drastically varies (highly inter-
mittent), e.g., in cloudy days, the resultant PV power may20

cause intensive voltage fluctuations (Woyte et al., 2006).
Both issues will challenge the conventional power grid.
Thus, proper measures should be taken to mitigate the PV
power fluctuation; otherwise, costly power infrastructure
upgrading is in urgent need to accommodate the large-25

scale integration of solar PV systems (Yang et al., 2015).
On the other hand, to integrate renewable energies, in-
cluding PV panels, to the grid, many power electronic
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converters are employed as the interfaces between renew-
able sources and the grid. It yields power electronics-based30

systems, where the control and operation of conventional
power systems are challenged (Bose, 2013; Peng et al., 2019).
In such cases, DPGSs are being required to provide an-
cillary support to the power grids, e.g., the voltage sup-
port and virtual inertia provision (Blaabjerg et al., 2017;35

Fang et al., 2019).
With the above concerns, it is necessary for PV sys-

tems to be more grid-friendly by resiliently and flexibly
regulating the output power, instead of being regulated as
constant current sources. That is, the PV systems being40

conventionally taken as a sole power generation unit should
be more actively involved in the grid regulation, which
should contribute to the grid interoperability. In response
to this, many countries and/or organizations, e.g., Den-
mark (Energinet.dk, 2017), Germany (Tröster and GmbH,45

2009), Europe Union (ENTSO-E, 2013), and the USA
(IEEE Std 1547-2018, 2018)
have developed or revised their grid codes and standards to
ensure a smooth and stable PV integration, where one of
the requirements for PV systems is the FAPC. For exam-50

ple, according to the Danish grid code for PV systems, the
output power should be flexibly regulated upon demands,
as shown in Fig. 1 (Energinet.dk, 2017). Specifically, the
possible power control strategies include:

� PLC: The maximum PV output power is limited by55

a preset threshold, i.e., Plimit in Fig. 1, which can
be assigned by the system operators or the DPGS
operators. This is also known as CPG control in the
literature, which is dedicated to tackle the overload-
ing of the grid infrastructure.60

� PRC: A certain amount of power Pres (i.e., ∆P ) is
reserved by regulating the actual PV power below
the MAP, Pavai. It is a predictive and preventive
strategy. In response to the frequency events, the
reserved power should be readily available to manage65

to balance the entire system, and then, to maintain
the system stability.

� PRRC: The change rate of the PV output power is
limited to a certain rate, i.e., R∗

r in Fig. 1. Such
a strategy is to ensure the entire system frequency70

stability, as a large amount of fast-changing power
may lead to frequency excursions (and then, a power
system collapse in the worst cases).

Although the power electronics bring certain challenges,
they offer high flexibility and controllability of the en-75

ergy conversion from the PV systems. With the advanced
power converter technologies, it is viable and possible to
achieve the FAPC in PV systems, in turn, to increase the
operation performance of the entire interconnected grid.
Notably, to achieve flexible power regulation, not only the80

PV system control, but also the support from storage and
system-level power management might be needed. By im-
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Figure 1: FAPC demands on the grid-connected PV systems accord-
ing to the Danish grid code (Energinet.dk, 2017) (red dashed line
– actually output power; black solid line – available power; Plimit

– a preset power limit; Pavai – MAP from the PV panels; Pres –
reserved amount of power; R∗

r
– ramp-rate limit): (a) MPPT, (b)

PLC (CPG), (c) PRC, and (d) PRRC.

plementing the flexible power control strategies with nec-
essary support, the PV systems can produce smooth power
to the grid, if required, to handle the environmental inter-85

mittency and non-dispatchability (uncertainties). For ex-
ample, with the PRC, the PV systems are able to release
active power when a sudden load step appears (potentially
leading to frequency variations). This could be one of the
essential functionalities of the future grid-friendly smart90

PV systems, when integrated into the power electronics-
based power systems (Peng et al., 2019), as the inertia is
reducing (when the renewable energies are taking over the
power generation in the grid). In all, the active power from
the PV systems should be flexibly regulated to meet var-95

ious increasingly stringent demands either through hard-
ware modification or by advanced control techniques.

In light of the above, this paper presents an overview of
the FAPC strategies for modern grid-friendly PV systems.
The rest of this paper is organized as follows: in Section100

2, the demands for the FAPC are introduced. Then, the
possible solutions to realize the FAPC are detailed in Sec-
tion 3. After that, typical FPPT control schemes are ex-
emplified in Section 4 with case studies. Furthermore, the
potential contribution of the FAPC of PV systems, includ-105

ing voltage and frequency support to the grid, is addressed
in Section 5, where the MAP estimation is also discussed
in order to make a robust operation. Finally, concluding
remarks, including brief future research perspectives, are
given in Section 6.110

2. Demands of Active Power Control

As aforementioned, with the integration of renewable
energy resources, including PV systems, several new sta-
bility issues are exposed to the power system operators.
In order to deal with these issues, the causes and phe-115
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nomenon should be clearly explored, and then, possible
solutions may be developed with the least incurred costs
(to maintain the cost of PV energy low). In this section,
the concerned issues will be discussed to emphasize the
demands on PV systems to achieve active power control.120

2.1. Overloading Issue

Note that the P-V characteristics of PV systems are
highly dependent on the environmental irradiance and tem-
perature, and therefore, the uncertainty and intermittency
of the PV output power are inevitable in practice. As a125

consequence, with a high penetration degree of PV sys-
tems, when the solar irradiance is strong, e.g., in mid-
day, the PV systems will operate in the peak-power gen-
eration mode and produce a significant surplus power to
the grid, which may adversely affect the entire system130

(Stetz et al., 2015). In addition to the increased thermal
stress on the PV systems (Yang et al., 2014c), the power
infrastructure may be overloaded during the short-term
peak-power-generation period. This may cause failures
and accelerate the aging of the system. In recent years,135

the overloading issues are being realized to be crucial for
PV-penetrated power systems. For instance, it is found in
the Indian power grid that if the PV system penetration
rate exceeds 75%, the potential overloading may affect the
transmission lines and the distributed transformers to a140

large extent (Joerg Gaebler, 2017). Moreover, it has been
found in the Northern Ireland distribution grid that the
high-level PV penetration would cause serious overloading
(David Maxwell, 2013). Upgrading the power infrastruc-
ture is a solution to this issue, but it is not economically de-145

sired due to the incurred high-capacity costs (Yang et al.,
2016).

To avoid potential overloading, one of the most effec-
tive solutions is the PLC strategy. With the PLC strategy,
the maximum PV output power even during the midday150

in the summer time is limited to a certain level, and then,
the overloading issue is effectively addressed. This has
been implemented in the German power grid (Stetz et al.,
2013), where it has also been found that the associated
energy loss is insignificant, as the PV systems will occa-155

sionally operate in the peak-power generation mode. At
the same time, it also alleviates the thermal loading on the
power converters, which might age them fast (Yang et al.,
2014c). Another means to address the overloading is to
add ESSs, so that the surplus energy can be absorbed by160

ESSs during peak-power generation periods. Additionally,
the grid-friendly PV penetration level can be further in-
creased (Denholm and Margolis, 2016), and the entire sys-
tem flexibility is enhanced by installing ESSs. However,
such a solution is also not cost-viable to date.165

2.2. Voltage Fluctuation and Stability

As mentioned previously, the PV output power char-
acteristics highly rely on the environmental conditions.
Thus, in addition to the overloading that may appear

during the peak-power-generation period, the sudden loss170

or increase of a large amount of PV power generation
due to the intermittency also poses significant challenges.
This commonly happens in cloudy days, where the pass-
ing clouds would introduce partial shading (Woyte et al.,
2006) and also power fluctuations. Furthermore, the PV175

system size and distribution distance have a significant
impact on the PV power ramp-rate behavior and the fluc-
tuation severity (Hossain and Ali, 2014). In addition, to
comply with relevant requirements, smart PV systems may
be intentionally disconnected in response to faulty condi-180

tions, which, however, may induce voltage stability in the
entire system.

In order to damp the power and voltage fluctuations
of PV systems, and also maintain the system stability,
the power ramp-rate should be constrained in operation.185

Accordingly, various PRRC strategies are developed to
achieve so in the literature, e.g., in (Alam et al., 2014;
Sangwongwanich et al., 2016a). The main concept is to
limit the ramp-rate of the PV output power in a way
to alleviate the fluctuation. Within an acceptable range,190

the PV systems can operate in the MPPT mode to facil-
itate the utility of PV energy. Once the power ramp-rate
reaches the threshold, the PRRC should be taken to make
the PV systems to operate in a ramp manner (i.e., reducing
the out power or increasing the output power through the195

reserved power or ESSs), as it is demonstrated in Fig. 1.

2.3. Frequency Regulation

Power electronics are essential to integrate PV systems
into the grid. In such a power electronics-based system
with reduced physical inertia, one of the most important200

issues is the frequency stability. In conventional power
systems, the frequency is mainly governed by SGs, which
have essential mechanical inertia to deal with frequency
events (Tielens and Van Hertem, 2016). When an intense
load step or shedding occurs, the SGs regulate their ro-205

tors to damp the sudden power imbalance between the
generation and the grid, and then, the frequency devia-
tion of the entire grid is slowed down. However, when the
SGs are being replaced by DPGSs, if there are no addi-
tional actions, the power electronics-based DPGSs (e.g.,210

PV systems) would not response to the power imbalance
like what the conventional SGs do, and then, the system
may lose its ability to damp the oscillation (instability)
(Fang et al., 2019). Thus, it is urgent for the DPGSs, in-
cluding PV systems, to emulate virtual inertia by redesign-215

ing their control methods. On the other hand, without
special control strategies, the PV systems are presently
designed to disconnect from the grid, when there is se-
vere frequency instability, which will make the event more
serious. This non-compliant frequency disconnection set-220

ting yields a high risk for the systems of facing a blackout
(ENTSOE, 2014; Kroposki, 2016). Additionally, it is also
possible to have severe PV generation loss in the case of
a clear day with solar eclipse (Máslo, 2016), which should
be considered.225
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Hence, the grid code in terms of PV-grid connection is
being continuously updated, i.e., the PV systems should
not disconnect from the grid immediately after a frequency
deviation but to provide support to the grid (to withstand
the frequency deviation). In response to this demand,230

the PRC should be implemented in the PV system con-
trol, where a certain amount of active power should be
reserved. In such a case, the PV systems can utilize the
reserved power to support the grid during frequency insta-
bility events, by which the system inertia can be enhanced.235

Additionally, the coordinated operation of the PV systems
with ESSs to cope with the frequency regulation is impor-
tant and it is an effective and promising solution, which
will be elaborated in the following.

3. Active Power Control Solutions240

To deal with the issues introduced by the PV integra-
tion and develop grid-friendly PV systems, the FAPC is
important, as discussed in the previous section. In spite
of modifying the PV control strategy, the support from
additional devices (e.g., ESSs) and the operating policy245

is critical as well in grid-friendly PV systems. In this sec-
tion, the most widely-implemented solutions for the FAPC
of PV systems are presented.

3.1. Energy Storage-based Strategies

As mentioned previously, the ESSs are one of the es-250

sential components to advance more grid-friendly PV sys-
tems, especially for those with the FAPC. By applying
ESSs, the PV systems can overcome the drawbacks of in-
termittency and uncertainty to a large extent. At present,
a combined installation of PV panels with batteries (re-255

ferred to as PV-ESS systems) is drawing much attention
across the globe (Chiang et al., 1998; Nandi and Ghosh,
2009). In PV-ESS systems, due to the high energy den-
sity and flexibility, the storage device (e.g., batteries) can
compensate for the power shortage or store the surplus260

in operation. Consequently, it is possible for the PV-ESS
systems to generate the power steadily and constantly ac-
cording to the grid requirements (see Fig. 1). Fig. 2 exem-
plifies a PV-ESS system, where the power flow directions
are also indicated. When the ESSs are employed, the cur-265

tailed PV power can be minimized by optimally coordinate
the charging/discharging among the ESSs (Zeraati et al.,
2019), and the PV output power fluctuation caused by the
environmental changes can be efficiently damped by the
ESS (Omran et al., 2011; Li et al., 2013). Moreover, the270

ESS successfully helps to limit the power ramp-rate within
the allowed range (Ai et al., 2018), and the power can be
reserved as required (Hollinger et al., 2016).

Although the employment of ESSs in PV systems helps
significantly to improve the system stability and flexibility,275

it is not always cost-effective. In other words, the total cost
of PV-battery systems is still the major barrier for large-
scale adoption (Bacha et al., 2015). Due to the high costs
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Figure 2: FAPC of a PV system with the employment of ESSs.

of material, operation and maintenance, the warranty pe-
riod of commercial batteries is usually less than 10 years280

(SMA AG, b). However, the warranty period of commer-
cial PV inverters is usually up to 20 years (SMA AG, a),
and the PV arrays/panels have an even longer warranty
period (e.g., 25 to 30 years). Thus, except for economical
considerations, the application of ESSs may bring lower285

reliability and higher failure rate into the systems. The ex-
ploitation of storage devices to enable the control flexibility
of grid-friendly PV systems is still on the low-power and
small-scale levels, e.g., residential PV applications with a
power rating typically below 6 kW.290

Nevertheless, the use of storage systems can largely
increase the operational and control flexibility. Along with
the declining price of storage technologies, more PV-ESS
systems will be seen in the future power grid (Boicea, 2014;
Carrasco et al., 2006). Notably, when implementing ESSs295

to support PV systems, two factors should be considered:

� Charging Scheduling : Traditionally, the ESSs are
charged in off-peak load hours and discharged in
peak load hours. It is not efficient for PV systems
with the FAPC. Instead, with the consideration of300

maximizing the benefits of ESSs, e.g., line loss reduc-
tion, power quality enhancement, and peak shaving,
etc. For instance, the line loss of the distribution
systems integrating sizable PV systems can be min-
imized by solving the optimal charging/discharging305

scheduling of ESSs (Teng et al., 2013). Furthermore,
the real-time irradiance forecasting can help to de-
termine the optimal capacity of ESSs that can max-
imize the sum of multiple benefits, including peak
shaving, deviation minimization and frequency reg-310

ulation (Wang et al., 2017).

� Storage Sizing: With the economical considerations,
the storage size should further be designed reason-
ably. It can be designed based on the operational
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Figure 3: FAPC of a PV system with smart loads to absorb the
excessive power in operation.

reliability and energy utilization efficiency analysis315

(Koh et al., 2015). Likely, the optimal benefits in
terms of power generation, peak power support, and
reduced line losses can be considered in the analysis,
and then, a multi-objective optimized design can be
achieved (Yang et al., 2018b).320

Notably, in addition to the extra storage units, the
DC-link capacitors, which are essentially small-capacity
ESSs, are inherently used in power electronics converters.
Those DC-link capacitors can also be utilized to achieve
the FAPC of PV systems. Although it is not possible to325

provide large-capacity and long-term service by the DC-
link capacitors, the indispensable transient power buffer
can be flexibly attained. For instance, in residential PV
systems without ESSs, the additional control for the DC-
link capacitors can be designed to make the system more330

grid-friendly for inertia provision (Fang et al., 2018).

3.2. Demand Side Management

In addition to the support from ESSs in the power
generation side, attempts can be made from the consump-
tion side to achieve flexible active power regulation. One335

possible solution is the local flexible loads (also referred
to as dump loads). Similar to the storage-based solution,
when there is a power surplus from the PV system, the
flexible load can be automatically adjusted to absorb the
power surplus (Omran et al., 2011), as it is illustrated in340

Fig. 3. A flexible load usually consists of a resistor and
a power flow controller, by which the load can be regu-
lated according to the grid power flow dispatching. Thus,
unlike ESSs, the flexible loads cannot store the surplus en-
ergy, but dump the excessive power as heat. That is to345

say, if needed, the flexible loads are disabled to “virtually”
release the power that was excessive. This makes it not
efficient and economic-attractive.

Clearly, when operating in the flexible power control
mode, the dump loads should be flexibly controlled. In350

smart grids, this can be realized by user-controlled load
units (e.g., electrical vehicles or washing machines). The
users are encouraged to charge the vehicles or switch the
machines on when there is power surplus from the PV sys-
tems or other renewable energies. These developed dump355

loads are called “smart loads”, and the corresponding en-
ergy coordination method is referred to as demand side
management (Palensky and Dietrich, 2011). With the de-
mand side management, the surplus power or the power
shortage of PV systems can be balanced quickly and ef-360

ficiently without wasting the excessive power (Yi et al.,
2018). However, the smart loads need to precisely fol-
low the up-to-date grid energy distribution; otherwise, the
power surplus may not be consumed, and the power short-
age may be deteriorated (Gungor et al., 2011). Thus, real-365

time communication (Sechilariu et al., 2013) and efficiently
coordinated control (Nunna and Doolla, 2014) are manda-
tory for the demand side management, which challenges
its extensive applications in practice. In addition, another
strategy by continuously cutting-in or -out the PV gener-370

ation units according to the demands can be adopted to
achieve the power regulation (Yang et al., 2018a), which,
however, shares the same drawbacks with the demand-side
management strategy (using dump loads), and more im-
portantly, it may cause instability.375

3.3. Modified-MPPT Schemes (FPPT Strategies)

As the ESS- and demand-side-management-basedmeth-
ods introduce additional costs, attempts have been made
to explore the self-supporting methods for PV systems to
realize the FAPC (Yang et al., 2018a). This concept de-380

votes to maximize the utilization of power electronics, in-
cluding the high flexibility and controllability. In such a
case, the PV systems can regulate the output power flex-
ibly without additional hardware devices. However, con-
ventionally, the PV systems are controlled by an MPPT385

strategy to optimize the power generated from the PV ar-
rays. With an MPPT, the PV systems are always seeking
the MPP. As a result, when the solar irradiance drops sud-
denly, corresponding to a sudden drop of the MPP, the PV
output power will have severe fluctuations.390

To facilitate the self-support flexible power control, the
MPPT strategy should be modified for more functionali-
ties, being the FPPT. As shown in Fig. 4, the PV sys-
tems are able to regulate the output flexibly by advanced
control algorithms without additional hardware devices.395

The essence of the FPPT is the ability to generate a con-
stant power output according to the MAP. Hence, it is
necessary to estimate the MAP on the P-V curve accord-
ing to the operating conditions. Once it is estimated, the
PV system can pull down the operating point below the400

MPP to reserve a certain amount of active power (cur-
tail the power) (Yang et al., 2014c; Ahmed et al., 2013),
as shown in Fig. 4. The P-V curve of a PV system with
the FPPT control by limiting the output power is shown

5
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Figure 5: P-V characteristics of PV arrays with possible operating
points for the FPPT control (Pmpp – MPP; Pfpp – output power in
the FPPT operation; vmpp – voltage at the MPP; VOC – open-circuit
voltage).

in Fig. 5. It can be seen from Fig. 5 that there are two405

power limiting points, i.e., at the left and the right sides
of the MPP (FPP1 and FPP2). The right power limiting
point can achieve fast dynamics, but the method also faces
the risk of operating at the open-circuit voltage condition
and it might have large steady-state variations. In con-410

trast, operating at the left side helps to reduce the steady-
state oscillations, but the dynamics are slower (Yang et al.,
2016). Additionally, it typically requires a double-stage
power converter configuration to ensure the proper power
injection into the grid under low input voltages.415

The modified MPPT-based strategy eliminates the costs
for additional devices, e.g., batteries, dump loads, and
high-quality wide-area communication systems. It also
enhances the system reliability due to the reduction of
failure-prone components (e.g., sensors), and also gives420

a relatively smooth thermal loading profile on the power
converters. However, it should be noted that the mod-
ified MPPT-based strategy (i.e., the FPPT) makes the
PV systems operate in the reduced power-generation mode
without storing the curtailed power. It reduces the over-425

all energy production from the system, which may affect
the total costs of the large-scale interconnected systems
(Brouwer et al., 2016). Consequently, it becomes impor-
tant to carefully design the FPPT strategy to balance the
gain (e.g., lower thermal loading and smoother power in-430

jection) and loss (e.g., energy losses) (Yang et al., 2017).
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Figure 6: General grid-connected PV systems, where the power con-
verter is responsible for the power conditioning according to the grid
requirements (PCC – point of common coupling; RMS – root-mean-
square; IGBT – insulated-gate bipolar transistor).

4. FPPT Control

Based on the modified MPPT control principle, differ-
ent PV control strategies can be developed to achieve the
FAPC, e.g., PLC, PRRC, and PRC. In this section, these435

advanced control strategies without using ESSs as a part
of the FPPT strategies will be exemplified with case stud-
ies, which are cost-effective and application-friendly. Fur-
thermore, the ESSs can be implemented with additional
coordinated control when required.440

4.1. Grid-Integration of PV Systems

In general, the grid-integration of PV systems involves
several components, as shown in Fig. 6, where the PV
panels are the power sources, the power electronics con-
verter is in charge of the power delivery to the grid (i.e.,445

to realize the power conditioning), and the grid as the
load has specific requirements that should be followed. As
seen from Fig. 6, the power converter is very important for
the PV energy conversion. Various requirements/demands
from the grid can be achieved by properly controlling the450

power interfacing converter. Thus, to achieve flexible ac-
tive power of PV systems, the most crucial task is to prop-
erly design the control strategies for the power converters.
That is, the FAPC is implemented in the “Control and
Monitoring” unit, as shown in Fig. 6.455

Regarding the power converters for PV system inte-
gration, different configurations are available, as shown in
Fig. 7 (Kjaer et al., 2005; Yang et al., 2018a). The sys-
tem configurations are categorized according to applica-
tions and power ratings. The details of the popular PV460

integration configurations are given as follows:

� MIC: It is more commonly seen in small-capacity PV
systems (Liang et al., 2011), as shown in Fig. 7(a).
It can further be categorized into DC optimizer and
micro-inverter technologies. The most significant ad-465

vantage of the MIC solution is the high flexibility and
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Figure 7: Grid-integration of PV systems through various configura-
tions: (a) PV-MIC, (b) PV string inverter, and (c) central inverter
solution.

high modularity, as each MIC and the panel is con-
trolled by an independent controller and individual
MPPT strategy. However, due to the low PV mod-
ule voltage, this method requires a high conversion470

ratio for the MIC and longstanding high efficiency
for grid integration, which challenges the converter
design.

� PV String/Multi-String/Central Inverter Solution: It
is usually adopted for medium- and large-capacity475

PV systems. At present, the string inverter technol-
ogy shown in Fig. 7(b) is still the most widely applied
for PV integration in Europe (Karolien Peeters et al.,
2018). On the other hand, the demand in high-power
conversion systems drives the development and ex-480

ploitation of central inverters, as shown in Fig. 7(c).
This solution can achieve high power conversion ef-
ficiency, and the DC-DC conversion stage is usually
optional. Notably, in low-voltage systems, the maxi-
mum DC-link voltage for PV systems can be 1500 V,485

which can further improve the overall efficiency for
central inverter systems. One of the issues for string,
multistring, and central inverters is the power mis-
match under partial shading on the panels, where
the system has difficulties to find the optimum power490

from the PV panels.

Another factor should be considered in the grid inte-
gration of PV systems is the size of the PV systems. For
example, for a single PV module, the PV voltage is usually
not enough for grid connection, and thus, a DC-DC MIC495

(as an optimizer) is mandatory to increase the DC-link
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Figure 8: A two-stage single-phase grid-connected PV system (vpv,
ipv – PV voltage and current; vg, ig – grid voltage and current; vdc,
v∗dc – DC-link voltage and its reference; θg – grid voltage phase; P ∗,
Q∗ – active and reactive power references; Cdc – DC-link capacitor).

voltage to the minimum requirement (e.g., 400 V DC-link
voltage for a 230-V grid) (Li and Wolfs, 2008). On the
contrary, for the string and central inverter-based solution,
the PV voltage is usually high enough for grid connection500

thanks to the aggregated multiple PV modules. Therefore,
the DC-DC converter can be saved, as mentioned previ-
ously, and the single-stage configuration can be realized.
It makes the PV system more efficient with reduced power
losses (Zhang et al., 2015). However, due to the lower ro-505

bustness of the single-stage configuration, the two-stage
configuration is still favorable for string- and multi-string
inverters (Mihai Ciobotaru et al., 2006). In this section,
a two-stage single-phase PV system is adopted to demon-
strate FPPT. The system configuration is shown in Fig. 8,510

where the general system control is also presented.

4.2. MPPT

As the FPPT control is based on the MPPT control, it
is necessary to discuss the MPPT control for PV systems.
As shown in Fig. 8, for two-stage systems, the DC-DC515

converter is responsible for the MPPT or FPPT, while the
DC-AC inverter is in charge of the DC-link voltage control
to achieve power feed-in (Blaabjerg et al., 2006). Specifi-
cally, the DC-DC converter regulates the PV output power
by adjusting the PV array operating point, which is deter-520

mined by the PV voltage. As a consequence, the MPPT
strategy tracks the MPP and sends the corresponding PV
voltage reference to a PI controller, and then, the duty cy-
cle of the DC-DC converter (denoted as gb in Fig. 8) can
be obtained. As the DC-DC converter is in charge of the525

PV power regulation, the DC-AC inverter should control
the DC-link voltage for grid connection. For the inverter
control, typically, a dual-loop structure is adopted, where
the outer voltage controller (or power control loop) gen-
erates the current amplitude reference I∗g , and the inner530

current controller can then produce the voltage reference
to modulate the inverter (the modulation signal is denoted
as ginv in Fig. 8). Notably, the current reference should be
synthesized with the grid voltage phase (see θg in Fig. 8),
also known as grid synchronization, which is commonly535

achieved through a PLL.
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The P-V curves alter with the ambient conditions, as
shown in Fig. 9. Accordingly, to optimize the utilization of
solar energy and the conversion efficiency (Faranda et al.,
2008), MPPT strategies are extensively used, which are540

implemented in the control of the DC-DC converter to
constantly seek for the MPP on the P-V curve (Hua et al.,
1998). Among various MPPT control algorithms, the most
widely used MPPT technique is the P&O algorithm that is
simple for implementation (Esram and Chapman, 2007).545

The DC-DC converter duty-cycle is generated periodically,
where the PV voltage can be perturbed in every MPPT
control cycle (e.g., 10 to 100 Hz). Then, the output power
is observed and compared with the measured from the pre-
vious cycle. According to the power variation, the new PV550

voltage reference is updated (and the duty-cycle), making
the system move toward the MPP (Femia et al., 2005).
The P&O-based MPPT is exemplified in Fig. 10. Initially,
the PV system is perturbed by three steps, working at
MPP (A to MPP). At this moment, the voltage reference555

is increased, leading to that the operating point moves to
B. Then, the power change is observed as negative, so the
perturbation changes its direction and reduces the refer-
ence by ∆, i.e., B to MPP, as shown in Fig. 10. Clearly, the
P&O MPPT can not make the system operate steadily at560

the MPP; instead, the operating point will oscillate around
it. This means that the P&O MPPT design should con-
sider the dynamic and steady-state tracking accuracy.

Developed from the conventional MPPT, there are sev-
eral modified MPPT algorithms. For instance, the voltage565

perturbation step can be designed to be adaptive to the
power deviation (Khaehintung et al., 2006), where a larger
perturbation step can be set corresponding to a large ob-
served power deviation. The incremental conductance and
other advanced MPPT methods can also be adopted to in-570

crease the tracking accuracy and dynamic performance un-
der rapidly varying conditions (Liu et al., 2008; Mei et al.,
2011). Moreover, MPPT based on AI algorithms such as
particle swarm optimization (Koad et al., 2017), artificial
neural networks, and fuzzy logic (Kermadi and Berkouk,575

2017) are emerging, which may make the energy harvest-
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Figure 10: Illustration of the P&O-based MPPT algorithm (δ – the
perturbation step, ppv – PV power curve).

ing from the PV system more accurate and efficient. To
realize the FAPC, the MPPT can be modified as an FPPT.
As aforementioned, the P&O MPPT is the most common
one, based on which the following FPPT techniques are580

derived. Notably, other MPPT methods are also applica-
ble.

4.3. FPPT Control Algorithms

In this section, according to the requirements shown
in Fig. 1, three basic FPPT control techniques are pre-585

sented for grid-friendly PV systems. Notably, the focus of
this section is the power regulation strategies instead of
the power point tracking algorithms, where the discussion
about the latter can be found in (Dehghani Tafti et al.,
2020). To demonstrate the FPPT algorithms, experimen-590

tal tests on a double-stage single-phase system will also be
presented, referring to Fig. 8. Furthermore, possible ap-
plications of these basic FPPT strategies are introduced,
where the FPPT strategies can be flexibly adopted and
modified to meet requirements.595

4.3.1. PLC

The basic principle of the PLC is to set an upper power
threshold for the PV power, i.e., Plimit. For the cases
where Pavai is below Plimit, e.g., when the irradiance is very
low, the PV system can be controlled by a conventional
MPPT, as the PV power would not exceed Plimit. How-
ever, when Pavai is larger than Plimit, the MPPT should
be modified to force the operating point below the power
limit. The principle of the FPPT-based PLC is shown
in Fig. 11, and the operational equation can be given as
(Sangwongwanich et al., 2018)

Ppv =

{

Pavai, Pavai 6 Plimit

Plimit, Pavai > Plimit
. (1)

It can be seen from Fig. 11 that when the irradiance in-
creases from 200 W/m

2
to 500 W/m

2
, Pavai is still smaller

than Plimit, and thus, the operating point will move from600

A to B controlled by the conventional P&O MPPT. When
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Figure 12: Performance (experimental results) of the single-phase
system (Fig. 8) with the modified P&O MPPT algorithm as the
FPPT operating under a clear day (tst, ted – starting and end time
of the test, respectively), where the output power is limited to be a
constant.

the irradiance increases from 500 W/m
2
to 700 W/m

2
,

Pavai exceeds Plimit. Consequently, the operating point
should move from B to C with the FPPT-based PLC. The
application result of the FPPT-based PLC for a PV sys-605

tem during a day with Plimit = 1.5 kW is shown in Fig. 12,
where the testing time is scaled-down from 24 h to 24 min
(Sangwongwanich et al., 2016b). It is seen from Fig. 12
that when the irradiance is low, e.g., in the morning and
afternoon, Pavai is smaller than Plimit, and the PV system610

is controlled by the conventional MPPT to generate Pavai.
When the irradiance is high, e.g., in the midday, Pavai

becomes larger than Plimit, and the FPPT-based PLC en-
forces the system constantly operating at the power limit-
ing point and generating Plimit.615

4.3.2. PRC

The basic concept of the PRC is to save a certain
amount of power based on the MAP, Pavai in the PV panels
under actual irradiance. Different from the PLC, based on
which the limited power is not known, the power reserve
by the PRC is certain, which can be efficiently used for the
ancillary control in the power grid. Thus, the PRC is es-
sentially a special PLC with a dynamic power limit. With
the known Pavai, the controller will continuously perturb
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Figure 13: Operating principles of the PRC strategy (the FPPT
algorithm), where G represents the solar irradiance.

the PV voltage until it reaches the power reserve point.
The FPPT-based PRC is shown in Fig. 13, and the oper-
ation can be described by (Sangwongwanich et al., 2017b)

Plimit = pavai −∆P, (2)

where ∆P is the reserved power. Similarly, the PLC strat-
egy based on the modified P&O MPPT algorithm can be
employed to realize the PRC, where the PV voltage refer-
ence is given as

v∗pv =

{

v∗mpp, ppv 6 pavai −∆P

vpv − vstep, ppv > pavai −∆P
, (3)

in which v∗mpp is the voltage reference form the P&OMPPT,
vpv is the PV voltage, vstep is the control step-size, ppv is
the PV instantaneous power, and pavai is the (estimated)
available PV power.620

It can be seen from Fig. 13 that the PV system can be
effectively controlled by the FPPT-based PRC to operate
at the power reserve point, irrespective of the irradiance
level. The only difference from the PLC control is that
the power limit is dynamically changed. Another challenge625

when implementing the PRC is the estimation of the avail-
able power, which will be further discussed in Section 5.
Here, a case study is considered, where a PV unit is used
to realize the measurement of the available power, and the
other is dynamically operating in the PRC mode. The re-630

sults of the FPPT-based PRC for a PV system during a
day with ∆P = 200 W/s are shown in Fig. 14. Notably,
the PRC is activated when pavai is larger than 2 kW to
avoid low efficiency. As shown in Fig. 14(a), the FPPT-
based PRC can achieve the power reserve for the PV sys-635

tem under different operating conditions. It can also be
validated from Fig. 14(b) that the PV power can be re-
served effectively during clear day. When the irradiance
varies considerably, it may become difficult to reserve the
power steadily. The reason is that the controller cannot640

follow the environmental changes immediately and update
the available power pavai in time. In other words, the esti-
mation of the MAP should be improved in order to tackle
this issue.
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Figure 14: Performance (experimental results) of the single-phase
system (Fig. 8) with the modified P&O MPPT algorithm as the
FPPT PRC operating under a clear day: (a) PV available and output
power and (b) reserved power.

4.3.3. PRRC645

The basic concept of the PRRC is to limit the ramp-
rate of the PV active power denoted by R. When R is
smaller than the threshold R∗

r , the PV system can oper-
ate in the conventional MPPT mode. However, if R ex-
ceeds R∗

r , e.g., when the irradiance rapidly increases, the
PV system will be regulated by the FPPT-based PRRC,
which will continuously perturb the PV system until R
reaches R∗

r . The principle of the FPPT-based PRRC is
shown in Fig. 15, and the operation principle is described
as (Sangwongwanich et al., 2016a)

v∗pv =

{

v∗mpp, Rr 6 R∗

r

vpv − vstep, Rr > R∗

r

, (4)

where v∗mpp is the PV voltage at the MPP, corresponding
to Pavai. The other variables are defined previously.

Seen from Fig. 15, initially, the PV system operates
at A with an irradiance level of 500 W/m

2
. When the

irradiance increases to 700 W/m
2
, R2 is within the al-650

lowed range, i.e., R2 < R∗

r . Thus, the PV system will
be controlled by the conventional MPPT and move to B.
However, when the irradiance continuously increases to
1000 W/m2, R1 exceeds R∗

r , i.e., R1 > R∗

r and the oper-
ating point trajectory will not follow the MPP. Instead, it655

will be controlled by the FPPT-based PRRC. As a result,
the PV system will shift to a point at the left of the MPP
with the constant maximum allowed ramp-rate, operating
at C. The experimental results of the FPPT-based PRRC
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Figure 15: Operating principles of the power ramp rate control strat-
egy (the FPPT algorithm), where G represents the solar irradiance.

for a PV system during a day with R∗

r = 10 W/s are shown660

in Fig. 16. It can be seen from Fig. 16(a) that during the
high ramp-rate period, e.g., in the morning, the PV power
ramp-rate is regulated by the FPPT-based PRRC. It is
further validated in Fig. 16(b) that Rr is effectively con-
strained below the limit R∗

r .665

However, due to the constraints of the P&O MPPT
algorithm (or others), it is not possible to achieve the con-
trol of the ramp-down rate, as there is no extra energy
to be injected. That is to say, if the irradiance decreases
rapidly, there would be a large ramp-down rate, but the670

FPPT-based PRRC could not limit the ramp-rate by con-
tinuously perturbing the PV voltage, as it would make
the ramp-down rate much larger. Thus, to deal with the
ramp-down case, more actions should be developed. One
possible solution is a fast and accurate ramp-rate fore-675

casting, which helps the controller to obtain the ramp-
rate in advance, and then, the PRRC can be designed
to deal with the ramp-up and -down cases (Jamaly et al.,
2013; Chen et al., 2019b), where a certain amount of power
should be reserved for releasing during the ramp-down pe-680

riods. In addition, energy storage can be an alternative to
provide the extra energy for ramp-down rate control.

In summary, there are three basic FPPT strategies,
e.g., PLC, PRC, and PRRC. By flexibly applying these
FPPT strategies with possible modifications, variable con-685

trol objectives can be achieved. For instance, the PLC
can be modified for the power curtailment control, indi-
cating that the PV power should be curtailed when there
is an overvoltage issue (Tonkoski et al., 2011). By coordi-
nating with a forecasting method, the overvoltage can be690

prevented efficiently (Ghosh et al., 2017). Moreover, the
PLC can be also designed to reduce the PV output power
when the batteries are nearly fully charged in PV-battery
systems, which will efficiently avoid the overcharge and in-
crease the lifespan of the batteries(Li et al., 2016). More695

importantly, the PRC opens up a multitude of possibilities
for the FAPC, especially the support to the grid, which will
be elaborated in the following.
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Figure 16: Performance (experimental results) of the single-phase
system (Fig. 8) with the modified P&O MPPT algorithm as the
FPPT PRRC operating under a clear day: (a) PV available and
output power and (b) controlled power ramp-rate (W/s).

5. Ancillary Services with the FAPC

Based on the FPPT controls, especially the PRC, vari-700

ous ancillary supports to the grid can be realized by the PV
systems. The reserved power makes the PV system more
grid-friendly as a flexible and controllable power source.
In this section, the possible FAPC to provide ancillary
services is further discussed.705

5.1. MAP Estimation

The power reserve is in great request for the FAPC,
as the power curtailment cannot deal with the cases that
demand additional power from the PV systems. To achieve
the PRC, the estimation of the MAP Pavai is important,710

which has also been discussed in Section 4. There are
several power estimation solutions:

� Sensor-based Forecasting Methods: By means of sen-
sors, the possible cloud shadows can be predicted,
and the MAP can be estimated in advance accord-715

ingly (Hoke et al., 2017). The sensors can be de-
veloped from the mini solar cells, based on which
the irradiance measurement variances caused by the
ambient temperature or humidity can be minimized
(Chen et al., 2019a,b). With more advanced esti-720

mation algorithms, only the temperature sensors are
required for forecasting (Scolari et al., 2018). Nev-
ertheless, the extra cost for the sensors cannot be
avoided, which is the most significant drawback of
the sensor-based methods.725

� Master-Slave Estimation Methods : Independent on
the sensors, the MPP information can be acquired
from the adjacent PV units (Sangwongwanich et al.,
2017b; Clyde Loutan et al., 2017). This method can
be used in medium- and large-scale PV systems, where730

one PV unit or several PV units, which are responsi-
ble for the MPP measurement as the master, should
operate in the MPPT mode and provide reference to
the others, as the slaves PV units (Vahan Gevorgian,
2019). However, due to the wide-area distribution,735

this method is not reliable enough, as the operation
of the entire system highly relies on the master PV
unit. Thus, it is important to select the master PV
unit and design the backup control, but it is a simple
and cost-effective solution in PV parks. In addition,740

the distribution of the master units in large-scale PV
systems should be specifically designed to increase
the accuracy. Communication links are inevitable to
realize this.

� Curve-Fitting Estimation Methods : Based on the pre-745

vious samples, curve-fitting methods can be applied
to estimate the current MPP. More specifically, the
polynomial curve fitting method (Nanou et al., 2012),
the Newton quadratic interpolation method (Xin et al.,
2013) or the least square method (Batzelis et al.,750

2017; Xiao et al., 2006) can be used. Notably, the
estimation accuracy of the curve-fitting methods is
highly influenced by the sampling points selection
(Garrigós et al., 2007), and the PV module/string
model or the polynomial equation to be fitted is im-755

portant as well (Batzelis et al., 2014). Due to aging
effects in the PV panels (e.g., 0.1% to 1% per year),
the estimated may have large deviations.

� Sampling and Experience Equation-based Methods :
The basic concept is to obtain the present P-V curve760

of the PV system by substituting the sampling volt-
age or power into the experience equation. For in-
stance, the P-V curve on the left side of the MPP can
be approximated to a fixed-linear line. Based on the
current operating point, the approximated left-side765

P-V curve can be obtained. The intersection of this
P-V curve and the known maximum power charac-
teristic curve is identified to be the MPP (Xin et al.,
2014). Similarly, based on three samples, the short-
circuit current and further the MPP current can be770

obtained. Then, the Lambert-W function can be ap-
plied to estimate the voltage of the MPP, based on
which Pavai can be calculated (Li et al., 2019). For
these methods, the system topology or parameter
changes will affect the accuracy.775

� Periodical MPPT Execution Methods – Sensorless
Methods: The principle of the methods is to exe-
cute the MPPT algorithm routinely to obtain a real-
time and accurate Pavai without additional sensors.
For example, in (Sangwongwanich et al., 2017a), at780
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Figure 18: Operation principle of the power impulse damping
method, where PV power and AC power represent the active power
output from the PV panel and the grid-connected inverter, respec-
tively.

the beginning of every estimation cycle, the MPPT
algorithm is adopted until the PV system reaches
the MPP. Then, the PRC as demonstrated in Sec-
tion 4.3.2 is applied and the PV system switches to
the power reserve operating mode. The principle785

of the periodical MPPT execution-based method is
shown in Fig. 17, where three sequential estimation
cycles are exemplified. In cycle 1, the MPP is at A,
and the system operates at B to achieve the power
reserve (∆P ). In cycle 2, the P-V curve changes due790

to the decreased irradiance. As the PV voltage does
not suddenly change, the system moves to C at the
beginning of cycle 2. At the same time, the MPPT
algorithm is executed, which moves the system oper-
ating point to D, i.e., the MPP of cycle 2. Then, the795

system switches to power reserve mode, which drives
the system to E. In cycle 3, the process is similar, i.e.,
the system drops to F at the beginning of cycle 3 due
to the irradiance change, and then, moves to G un-
der the control of the MPPT. After that, the PRC is800

activated and the system moves to H. The real-time
MPP measurement can accurately obtain the MAP
and extract power as required. However, the MPPT-
routine operation causes inevitable transient power
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Figure 19: Performance (experimental results) of the single-phase
system (Fig. 8) with the periodical MPPT execution-based MAP
estimation method under power reserve (∆P ) steps: (a) PV voltage
and (b) PV and AC power.

impulses, as shown in Fig. 18. To damp the power805

impulse to the grid, a supplementary DC-link volt-
age control is designed in (Sangwongwanich et al.,
2017a), as presented in Fig. 18. In the MPPT exe-
cution period, the DC-link voltage increases to ab-
sorb the impulse power, and then, the DC-link volt-810

age gently decreases to release the absorbed power
to the grid. In such a way, although the PV power
still has impulses, the power output to the grid is
smoothed to a large extent. The experimental re-
sults of the periodical MPPT execution method are815

shown in Fig. 19. It can be seen from Fig. 19 that the
presented method can measure the MAP accurately
and follow the variable power reserve commands.
Moreover, the AC power is efficiently smoothed by
the transition impulse power damping method. The820

most significant advantage of these periodical MPPT
execution methods is that the obtained Pavai is from
the measurement, instead of estimation or operat-
ing information from other PV arrays. Furthermore,
the P&O-based power reserve strategy, which is pre-825

sented in (Sangwongwanich et al., 2017a), can be re-
placed by a PI-based direct power reserve controller
for more flexible and efficient grid support (Peng et al.,
2020). Notably, as the measured Pavai will be the ref-
erence for the rest of the time of the estimation cycle,830

the estimation period should be carefully designed.

The features of the above-mentioned MAP estimation
methods are further summarized and compared in Table 1
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Table 1: Comparison of Different MAP (pavai) Estimation Methods.

Method
Pavai

acquirement
Additional
hardware

Complexity Accuracy Robustness

Sensor-based method Measurement Sensors Medium High High
Master-slave method Measurement Communication Low Medium Moderate*

Curve-fitting method Estimation No High Medium Low
Experience equation method Estimation No Medium Medium Low
MPPT execution method Measurement No Low High Moderate**

*, ** Depends on the environmental conditions (e.g., partial shading); * Affected largely by the master and slave units configuration.

in terms of Pavai requirement, hardware requirement, com-
plexity, and accuracy.835

5.2. Voltage Support to the Grid

At present, the voltage support capability is being re-
quired from the grid for the PV systems, and more and
more grid codes, e.g., in Germany, have appended the re-
quirement (Bae et al., 2013). For a PV system with cer-840

tain Pavai, the output active power can be reduced to gen-
erate reactive power for voltage regulation (Yang et al.,
2014b). Accordingly, the voltage sags in the grid can be
alleviated to some extent, and the recovery time to the
pre-fault value can be reduced significantly (Islam et al.,845

2019). Moreover, based on the voltage control, it im-
mensely enhances the LVRT capability, which is also an
important aspect of smart PV systems (Yang et al., 2014a;
IEEE Std 1547-2018, 2018). This is referred to as dynamic
voltage support.850

Another important capability for PV systems is the
DC-link voltage support, especially in DC grids (Liu et al.,
2011; Shadmand et al., 2014). The DC-link voltage sup-
port from PV systems is usually realized by a droop con-
troller, based on which the communication system can be855

avoided. By combining the MPPT control and the DC-
link voltage control, autonomous voltage support can be
achieved by the PV systems (Hosseinipour and Hojabri,
2018; Cai et al., 2018). In addition, in low-voltage distri-
bution feeders, the line is more resistive, where the active860

power regulation is more effective to improve the voltage
profile of the feeders. In other words, with the FARC
strategies discussed in this paper, the active power from
PV systems can be flexibly regulated in order to improve
the voltage of the grid by using the extra current capacity865

of the designed/used PV inverter.

5.3. Frequency Support to the Grid

The high flexibility and controllability of PV systems
make them promising in the regulation of power electronics-
based systems. As addressed in Section 2.3, the frequency870

support control is one of the considerable challenges of
the PV system control. Accordingly, attempts have been
made for the synchronous power controller in the PV sys-
tems (Remon et al., 2017; Rodŕıguez et al., 2018), which
devotes to enhance the grid frequency stability. However,875

the contribution is barely from the PV power regulation,
while the transient power is mostly from the DC-link ca-
pacitors or ESSs.

To enable the PV power regulation for the frequency
support, the PV power control system, including the MAP880

estimation and the PRC, should be developed, as it has
been discussed in this paper. With the PRC, the PV sys-
tems are able to release or reduce active power to deal
with the under- or over-frequency scenarios, respectively
(Zarina et al., 2014; Nanou et al., 2015). Basically, the885

frequency support control of PV systems can be classified
into the frequency sensitive control and inertia emulation
(Crăciun et al., 2014). The frequency sensitive control is
essentially a frequency-droop control, which can help the
frequency to reach the pre-disturbance level (Batzelis et al.,890

2019). The inertia emulation control is a especial frequency-
droop control, where the PV power should be regulated in
proportional to the RoCof (Fang et al., 2019).

The inertia emulation control is becoming of impor-
tance, as the inertia-reducing issue will become more seri-895

ous in the future highly power-electronics-penetrated sys-
tems. To generate virtual inertia from the PV systems, the
swing equation of the SG can be adopted in the DC-DC
controller in a two-stage PV system (Huang et al., 2018).
Similarly, the RoCof-droop control can be implemented in900

the DC-DC controller to provide virtual inertia (Im et al.,
2017). Notably, the virtual inertia can be provided by
the PV arrays and the DC-link capacitors, simultaneously
(Huang et al., 2018; Im et al., 2017). Thus, the virtual in-
ertia emulation solutions for DC-link capacitors, e.g., pre-905

sented in (Huang et al., 2017; Fang et al., 2018), can be in-
corporated into the virtual inertia controller design of PV
systems. Nevertheless, the introduced active power con-
trol strategies are emerging, which can make significant
contribution to the power grid. In all, advanced control910

strategies for the active power of PV systems are ready
to enable a much higher degree of integration of solar PV
energy into the power grid.

6. Conclusion

In the modern power system, PV systems are not ex-915

pected to act as a pure power generation unit anymore. In-
stead, they should be more functional and active to tackle
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the challenges in the power electronics-based power sys-
tem. They are playing active roles in the grid regulation,
as the penetration degree is becoming higher than ever be-920

fore. Aiming at these challenges, the FAPC of PV systems
are introduced and reviewed in this paper. From the grid
demands, the PV systems are desired to provide additional
support, which can efficiently resist various issues like over-
loading, voltage fluctuation, and frequency deviation, etc.925

These vigorous functionalities can be realized with the help
from ESSs, grid side management, or redesigned PV con-
troller, where the last solution is the most promising and
cost-effective. By improving the PV controller, various ob-
jectives, e.g., PLC, PRRC and PRC, can be achieved, and930

further, the voltage and frequency support functions can
be conducted without relying on additional devices.

In the future, more advanced and cutting-edge algo-
rithms can be implemented in PV systems, e.g., applying
big data, AI and deep learning. It is believed that the PV935

systems will be more flexible and become the main regu-
lator in power systems as a global controller. Moreover,
with the development of the communication technology,
the coordination of PV systems with ESSs, operators, and
loads will become more efficient and punctual, which will940

improve the regulation capability of the PV systems and
contribute to a more reliable power system.
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