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Abstract: The gradual displacement of conventional generation from the energy mix to give way
to renewable energy sources represents a paradigm shift in the operation of future power systems:
on the one hand, renewable technologies are, in general, volatile and difficult to predict; and on
the other hand, they are usually connected to the grid through electronic power converters. This
decoupling due to power converters means that renewable generators lack the natural response that
conventional generation has to the imbalances between demand and generation that occur during
the regular operation of power systems. Renewable generators must, therefore, provide a series of
complementary services for the correct operation of power systems in addition to producing the
necessary amount of energy. This paper presents an overview of existing methods in the literature
that allow photovoltaic generators to participate in the provision of ancillary services, focusing
on solutions based on power curtailment by modifying the traditional maximum power point
tracking algorithm.

Keywords: active power reserves; ancillary services; maximum power point tracking (MPPT); power
curtailment; solar photovoltaics (PV)

1. Introduction

Since the invention of electricity as a source of energy in the late 19th century, the
generation of this kind of energy has been mainly carried out through fossil fuels such as
oil, gas, and coal [1]. However, this energy mix has been questioned in the last decades. It
has been proved that the combustion of hydrocarbons for electricity production is primarily
responsible for the emission of greenhouse gases into the atmosphere, causing the imminent
problem of global warming [2,3].

Removing carbon dioxide emissions and reducing fossil fuel reserves has led to the
gradual displacement of conventional energy sources to make way for renewable energy
technologies. Figure 1 depicts the evolution of the installed capacity in the European Union
by generation technology, with projections up to 2040 [4].

The paradigm shift is evident: non-conventional energy sources will dominate future
power systems. However, besides the environmental benefits provided by renewable
energies, managing this kind of energy is more complex than managing traditional energy
sources. On the one hand, the intermittent character of renewable resources makes their
forecasting volatile and, to a certain extent, unpredictable [5]. On the other hand, in contrast
to conventional generators, which are directly connected to the grid, renewable generators
are decoupled from power systems by employing electronic converters, thus reducing the
synchronous equivalent inertia of the system [6]. The latter characteristic is essential to
determine the behavior of power systems in case of disturbances due to generator tripping
or connection and disconnection of a large amount of load.
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Figure 1. Installed capacity (GW) in the European Union by generation technologies (2000–2010) and
projections up to 2040 in the Sustainable Development Scenario.

In alternating-current power systems, the rotating speed of the operational syn-
chronous generation, ωr, determines the frequency of the characteristic voltage waveform
(50 or 60 Hz). Under steady-state conditions, all synchronous generators in the system
rotate at such an angular velocity that, when multiplied by their respective number of pole
pairs, p, they produce a single value of angular pulsation, ωs = ωr p. Therefore, from the
point of view of frequency ( fs = ωs/(2 π)), all generators are spinning at a single speed,
i.e., they operate in synchronism.

At the same time, frequency deviation from its nominal value in a power system
is closely related to the difference between power generated and power demand. This
relationship can be seen in a very illustrative way by considering a synchronous generator
driven by a turbine and feeding an isolated electric load, as shown in Figure 2. Suppose
mechanical and electrical losses are ignored in steady-state. In that case, the mechanical
power transmitted to the generator shaft by the turbine, Pm, is equal to the electrical power
demanded at the generator terminals, Pe. If, suddenly, the electrical power consumed by
the load increases its value, keeping unchanged the value of the mechanical power exerted
by the primary drive, this increase in demanded power is assumed by the generator by
making use of the kinetic energy stored in its rotor. This expenditure of kinetic energy
decreases the rotational speed of the machine, with the consequent drop in frequency.
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Figure 2. Electric generator feeding an isolated load.

The angular velocity of a synchronous generator depends on the difference between
generated and demanded power and can be expressed analytically by employing the
oscillation equation of a synchronous generator [7]:
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∆Pm − ∆Pe = 2 H
∂

∂t
∆ωr (1)

Equation (1) defines a synchronous generator’s rotational dynamics, considering
small variables’ small deviations from their steady-state value. Power imbalance in a
synchronous generator is translated into a variation of its angular velocity, whose rate of
change is conditioned by the inertia constant of its rotating masses, H.

As previously stated, conventional synchronous generators respond to mismatches in
the demand–generation balance. However, renewable generators lack this capability due
to electronic converter decoupling. To understand this difference, let us consider the same
isolated load as in the previous example, but now powered by a two-stage photovoltaic
(PV) system, as shown in Figure 3.

External
controls Load

PePpvG

T

PV array
Figure 3. PV system feeding an isolated load.

The availability of the renewable resource, characterized by the atmospheric conditions
of irradiance, G, and temperature, T, determines the generating capacity of a PV array.
To optimize the renewable resource, the DC–DC converter is usually equipped with a
maximum power point tracking (MPPT) algorithm, ensuring the system generates the
maximum power available at any given time. Let us now assume that the losses in the
converters are negligible and that the power demanded by the load, Pe, coincides with
the power delivered by the panel, Ppv. If the load suddenly increases the power demand,
the PV system cannot increase its output, which breaks the demand–generation balance,
causing a continuous drop in frequency. Alternatively, while the system is operating at
steady state, a reduction in renewable resources may occur, for example, due to the passage
of a cloud, affecting the generation–demand balance. Finally, renewable generators do not
contribute to increasing the inertia of the power system since they are decoupled from it,
resulting in faster and more severe frequency excursions.

Therefore, high penetration of non-conventional energy in power systems implies
lower capacity to respond to demand–generation mismatches in the normal operation of
power systems, affecting the condition and the security of the power supply [8,9]. Hence,
the objective is to expand the use of renewable energy in power systems while maintaining
efficiency and robustness. To achieve this purpose, other than providing the necessary
amount of energy to meet the demand, renewable generators must participate in supplying
ancillary services, regarded as those operations critical to ensuring the safe functioning and
reliability of power networks.

Numerous research articles on ancillary services provided by renewable generators
may be found in the literature, with solar and wind generators standing out [10,11]. In par-
ticular, photovoltaic technology has several features that make it a prime choice for offering
auxiliary services to power networks. Compared to other renewable generators, these
features include less maintenance time, fully integrated power electronics that allow quick
response, and lack of spinning masses that increase the response time [12]. In recent years,
several contributions regarding photovoltaic systems support the inertial response, and
primary frequency control has been proposed in the literature [13,14], a sign of the subject’s
current relevance. Two methodologies allow ancillary services to integrate photovoltaic
energy: using energy storage systems [15,16] or operating photovoltaic systems below their
maximum power point (MPP). Both approaches are different alternatives to be evaluated on
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each installation, taking into consideration various aspects such as energy price, additional
equipment costs, capital costs, or even economic compensation or obligation for providing
ancillary services. Even though the power curtailment technique implies energy waste,
it takes less initial investment, making it a different option to take into account given the
singularity of each installation. Additionally, deliberated power reduction and storage are
not always mutually exclusive approaches, since in some circumstances, combining the
two results in the most helpful answer from an economic standpoint [17].

Figure 4 shows the P–V curve of a PV system under uniform irradiance and tem-
perature conditions. On the curve, it is possible to identify the MPP, the coordinates of
which are (VMPP, PMPP). To maintain active power reserves without installing energy
storage systems, it is necessary to discharge the operating point at a level below the MPP,
for example, Pcurtailed. As can be seen, there are two possible alternatives for operating at
Pcurtailed: to the left and to the right of the MPP. While working at a deloaded point, the PV
system can provide support for over-frequency (moving further away from the MPP) and
under-frequency (moving closer to the MPP) events, as shown in Figure 4.

Voltage (V)

P
ow

er
 (

W
)

reserves
Active power

Over-frequency

VMPP

PMPP
MPP

Under-frequency
support

support

Pcurtailed

Figure 4. Power–voltage curve of a photovoltaic system under uniform environmental conditions.
MPP versus curtailed operating points.

This paper presents the most recent developments in power-curtailed operation of PV
systems, focusing on the following:

1. How different methods determine the maximum available power while operating
below that point’

2. Implementation details, such as additional equipment required or the most appropri-
ate plant size for one type of control’

3. The application the control is designed for. For example constant power generation,
power reserves control, power ramp-rate control, or virtual inertia control.

The remainder of this paper is organized as follows: Section 2 introduces the tradi-
tional control of grid-connected photovoltaic systems. Section 3 details the most recent
alternatives for flexible control of grid-connected photovoltaic systems. A brief description
of each method and a comparison between them is included. The main recommendations
of the authors are summarized in Section 4. Finally, Section 5 concludes the work.

2. Traditional Control of Grid-Connected Photovoltaic Systems

Photovoltaic systems are usually connected to the grid through a system similar to
the one shown in Figure 5. This system consists of two conversion stages. The first one,
consisting of a DC–DC converter, is responsible for raising the output voltage of the PV
array to the levels required by the inverter. Additionally, this first converter is where
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the MPPT algorithm is implemented. MPPT algorithms try to optimize PV production,
which is highly dependent on the atmospheric conditions of irradiance and temperature,
by varying the duty cycle of the DC–DC converter depending on the current and voltage
measurements obtained from the PV generator. There is a wide variety of MPPT algorithms
of different natures depending on how they perform MPP measurement, estimation, and
tracking [18].

PWM PWM

MPPT PQ control

PV array
DC-DC

Converter Inverter

Ipv Vpv

Cpv Cdc

DC-Link
GridFilter

Vdc Igrid Vgrid

Figure 5. Traditional control of grid-connected photovoltaic systems.

In the second conversion stage, which is carried out by the inverter, the voltage and
current magnitudes are transformed into alternating current magnitudes so they can be
injected into the grid. For this purpose, the inverter control takes measurements of the DC
link voltage and the currents and voltages at the output of the filter. In the inverter, it is
usual to implement a PQ control to provide the power demanded by the grid.

However, as mentioned above, the production of the PV system is strongly dependent
on the atmospheric conditions and, more specifically, on the irradiance incident on the
panel, as it usually has high-speed dynamics due to the passage of clouds over the solar
array. This problem, reported not only in small PV installations but also in large-scale
plants [19], negatively impacts the grid’s performance. Therefore, sudden changes in the
incident irradiance imply changes in the generated power. If the grid demands constant
active power, sudden changes in the generated PV power change the DC-link voltage,
which usually has a minimal operating range due to the requirements of the converters to
which it is connected.

3. Alternative Control of Grid-Connected Photovoltaic Systems

As explained in the previous section, it seems reasonable to modify the traditional
MPPT algorithms so that PV systems can have the margin to inject more or less power into
the grid, thus reducing power oscillations due to irradiance fluctuations. Recently, different
control techniques have been proposed to achieve this goal, which can be grouped into the
categories described in Figure 6.

The following subsections describe the main methods available in the literature for
photovoltaic power curtailment.

3.1. Methods Based on a System Operator Command

Some techniques rely on the system operator (SO) to control PV plants below the MPP.
The work presented in [20] implements a flexible power point tracking (FPPT) algorithm
to get the PV system to participate in the power ramp-rate control (PRRC) service. The
control system receives the suboptimal operating voltage from the SO, which implies that
this method is designed for medium–large size PV plants. In addition, grid codes impose
the maximum allowed power ramp-rate. With this information, the PV plant is regulated
through a modified P&O algorithm to fulfill the grid requirements.
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Photovoltaic Power
Curtailment Methods

Master and slave

Periodic operation at the MPP

Ground-sensors

Sky-camera

Offline

Real-time

System operator command

Direct measurement of MPP

Cloud monitoring

MPP estimation

Error based active disturbance

Forecasting based

Sliding Mode Control

Figure 6. Classification of PV power curtailment methods depending on the determination of
the MPP.

A different approach within this category consists of the use of distributed power
reserves [21], in which a PV plant is divided into subsystems (clusters), and the power
reserves are distributed over the clusters on a decentralized basis. This procedure is
particularly interesting as the drop in power generation in one group can be compensated
by pushing the operating point of another cluster nearer to its MPP, achieving a constant
power generation (CPG) control mode. A complete DC microgrid stability analysis is
accomplished to evaluate the adjustment of the power curtailed set-points.

3.2. Methods Based on Direct Measurement of the MPP

The authors of [22] implement the so-called “master and slave” technique in a multi-
string PV configuration so that one string is dedicated to operating at its MPP. In contrast,
the remaining strings are operated below the maximum available power. One merit of
this method is that if the PV strings are identical and the system works under uniform
environmental conditions, the MPP is accurately determined. Although as PV plant size
increases, the MPP measurement may be less accurate due to partial shading conditions, in
the case of large plants, several master strings can be arranged throughout the system.

An alternative strategy consists of moving the operating point to the MPP recursively [23].
Once the MPP is directly measured through the general perturb and observe (P&O) algorithm,
one variant of the P&O algorithm dedicated to direct control of PV power is used to set the
operating point on the left part of the P–V curve, providing the required level of reserves.
In this manner, the photovoltaic system can work in a power reserve control (PRC) mode.
This method has the advantage of measuring the MPP very accurately, but it involves more
curtailment than the method in [22]. However, it does not require any additional equipment.

The method in [24] expanded the above-mentioned technique to consider PV systems
under partial shading conditions. Partial shading conditions mean that PV systems do not
have a single MPP but have several local maxima along the P–V curve. In this method,
when a change in environmental conditions is detected, global maximum power point
tracking (GMPPT) is applied, and the maximum available power is directly measured.
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Then, depending on the desired operation mode, CPG or PRC, the power reference is set
and achieved through PV voltage control.

3.3. Methods Based on Cloud Monitoring

The work presented in [25] incorporates a ground-based sensor forecasting system
(GBSFS) and develops a dynamic spatio–temporal ramp-forecasting algorithm to limit
photovoltaic power ramps. GBSFS is formed by six sensors consisting of six short-circuited
solar cells, which predict the movement of the clouds above the PV system and, therefore,
act accordingly to regulate the operating point to the right of the P–V curve. Due to
additional equipment, this method is more suitable for medium to large PV plants. A
similar alternative to the above is presented in [26], but instead of GBSFS, it uses sky
cameras to predict cloud movement.

3.4. Methods Based on Maximum Power Point Estimation

Offline MPP estimation is carried out in [27]. The data are preloaded in a 3D look-
up table. Then, in real-time, trilinear interpolation is used together with irradiance and
temperature measurements to determine the suboptimal operating point. This point usually
lies on the right part of the P–V curve. Consequently, the system cost is increased due to
the additional sensors, which makes this alternative useful for large PV plants.

The authors of [28] improved the method mentioned above by using real-time least-
squares curve-fitting estimation of the MPP and the complete P–V curve. Ripple control is
added to provide an adequate measurement window for appropriate estimation. Although
this method implies a high calculation burden, it has been proven in a commercial micro-
controller, which means that the presented technique is ready to be implemented in real PV
plants, irrespective of their size.

A straightforward method is proposed in [29] to estimate the MPP in real time. Only
two voltage–current measurements are needed in the constant current region (to the left of
the MPP), where the I–V curve is nearly linear. It is then simple to calculate the short-circuit
current, and finally, an empirical expression is used to get the MPP. Although this method
is quick and straightforward, it is unstable when there is measurement noise.

The possibility of operating the PV system suboptimally on both the left and right
sides of the P–V curve was introduced in [30]. This work also demonstrated that real-time
estimation of irradiance and temperature highly depends on the operation side. Near
the MPP, both irradiance and temperature can be estimated accurately. However, if the
operating point is far from the MPP on the left side of the P–V curve, temperature estimation
is trapped in a local minimum. The same occurs for the irradiance estimation if the
operating point falls on the right part of the curve. The previous work was complemented
in [31] by considering the power losses in the grid-connection converter stages. With that
contribution, MPP estimation is determined from the grid’s point of view.

An alternative approach was introduced recently in [32]. This method needs just one
PV current measurement to have a rough estimate of the system’s short-circuit current.
Using the linear relation between that current and the MPP, it gets a first approximation of
the MPP. In successive steps, the method refines that estimation. The suboptimal operating
point lies on the left part of the P–V curve, and the tracking algorithm uses a variable-size
voltage control to have a high tracking speed. This control technique has been applied to
virtual inertia control (VIC) and droop control emulation.

The method presented in [33] uses MPP estimation while operating suboptimally to
control photovoltaic power ramps. It works on the right side of the P–V curve through
direct power control and regulates PV power following the maximum power ramp-rate
permitted. With this method, positive power ramps are always limited. However, the
proper control of power ramp-down is directly related to the previous level of curtailment.
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3.5. Methods Based on Error-Based Active Disturbance

Constant power generation control based on the P&O algorithm is improved in [34]
using error-based active disturbance (EBAD) control in terms of dynamic performance
and power oscillations. The control system is tested in different environmental condi-
tions and in various operation modes and considers operation on both sides of the P–V
curve. The control parameters are tuned through the double-quantum chaotic social spider
optimization algorithm.

3.6. Methods Based on Forecasting

The method presented in [35] allows VIC based on irradiance forecasting so that
several PV plants participate in a coordinated reserve strategy. Based on forecasting results,
if a large irradiance excursion is predicted for one PV plant, the remaining ones curtail their
generation to provide VIC.

3.7. Methods Based on Sliding Mode Control

A novel method based on sliding mode control (SMC) is proposed in [36]. For the
proper functioning of SMC, a sliding mode surface needs to be defined as a function of
the quotient ∂Ppv/∂Vpv. The parameters of this controller are tuned to emulate the drop
characteristic of a synchronous generator, as its main application is to get the PV plants
to participate in primary frequency regulation (PFR). Apart from the fact that it does not
require any additional equipment, an advantage of this method is that it can operate in
MPPT mode or in adaptive power point tracking (APPT) in a continuous way, avoiding
switching between operation modes.

4. Recommendations of the Authors

As reviewed, trends in the control of grid-connected PV systems are evolving to
provide ancillary services to the grid. In this paper, classification based on the way each
method determines the available power while operating in the curtailed mode is introduced.
Table 1 summarizes the main characteristics of the PV power curtailment approaches,
including the operation side on the P–V curve of each technique, the suitability of each
technique depending on the size of the photovoltaic system, the additional equipment
required for the correct functioning of the methods, and the application for which they
are designed.

Table 1. Summary of the main methods for photovoltaic power curtailment.

Method Classification Operation Side PV System Size Additional Equipment Application

[20] System operator command Left Large No PRRC
[21] System operator command Right Large No CPG
[22] Direct measurement of MPP Right Small, large Communication systems CPG
[23] Direct measurement of MPP Left Small, large No PRC
[24] Direct measurement of GMPP Left, right Small, large No CPG, PRC
[25] Cloud monitoring Right Large GBSFS PRRC
[26] Cloud monitoring Right Large Sky camera PRRC
[27] MPP estimation Right Small, large Irradiance and temperature sensors PRC
[28] MPP estimation Right Small, large No PRC
[29] MPP estimation left Small, large No PRC
[30] MPP estimation Left, right Small, large No PRC
[32] MPP estimation Left Small, large No VIC, Droop control
[31] MPP estimation Left Small, large No PRC
[33] MPP estimation Right Small, large No PRRC
[34] Error-based active disturbance Left, right Small, large No CPG
[35] Forecasting-based Right Large No VIC
[36] Sliding mode control Left Small, Large No PFR

Methods based on a system operator command are specifically designed for large PV
plants with high installed capacity. The power command must be converted in a voltage
reference to be used in the FPPT of each inverter of the plant, as usually the operator
ignores the P–V curve of the PV system. However, it is essential to note that if the SO has
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no access to short-term irradiance forecasting, it may require more power than available.
Therefore, this technique is preferable to be used with real-time irradiance measurements
and forecasting.

Direct measurement of the MPP is suitable for small to large PV systems, as just one
PV panel is enough to determine the available power. The main disadvantage of this
method is that the PV system needs identical PV modules, which is not always possible.
In addition, the accuracy of this method is subject to thorough maintenance and how the
elements of the system age. The MPP measurement can be highly accurate if these facts are
carefully monitored.

Cloud monitoring is feasible when the size of the PV system is significant. This tech-
nique predicts the movement of the clouds and, therefore, the evolution of the maximum
power available. It is worth noting that ground-based sensors are more accurate than
sky cameras for short-term operation (from minutes to one hour). On the other hand,
sky cameras are more suitable if the prediction horizon is more than one hour. The main
disadvantage of these techniques is the use of additional equipment.

Estimating the MPP in real-time is the most common solution for curtailed operation
of PV systems. Various methods assess the MPP through different mathematical models,
from the simplest to the most complex. Simple methods are generally less accurate than
complex ones, but they offer a fair solution when the priority is to have a cost-effective
system. Complex models are used when accuracy is crucial, so the estimation is carried out
with a large measurement window that minimizes the error due to measurement noise.

Short-term irradiance forecasting can be used to predict the evolution of the available
power in a PV plant. To have an accurate model, it is necessary to have large amounts of
data, such as high-resolution irradiance data, wind speed data, and historical energy pro-
duction data. If this information is available and the models have been trained adequately,
irradiance forecasting is a tool to be considered. One disadvantage of this method is the
aging of PV modules and the maintenance of the plant.

Sliding mode control has the advantage that the sliding mode surface can be computed
offline and real-time operation can be done without additional equipment. Apart from the
aging problem, which can force the model to update once per year, this method requires
sensible measurements of the power derivative with respect to voltage, which can be highly
affected by the measurement noise.

Although the variety of the reviewed methods is quite wide, each has advantages
and drawbacks in terms of accuracy, installation and maintenance cost, and suitability for
one specific PV plant size. From our point of view, simple but accurate techniques such as
master and slave are balanced solutions that may be further explored. In addition, with
the deployment of PV systems around the world, from domestic generators to PV farms,
large amounts of data can be collected to apply artificial intelligent methods to have high
accurate forecasting models that grid-connected PV system controllers can use.

5. Conclusions

The wide deployment of installed solar PV capacity has changed the way these systems
are operated: from traditional MPPT algorithms to more flexible control algorithms that
allow the PV systems to provide additional services to the grid. In this sense, several
contributions have, in very recent years, proposed new techniques to achieve this goal.
This paper presents classification of these contemporary methods, with a brief description
and a comparison between them. The selection of one of these methods for a particular
application will depend on factors such as the size of the PV system, the possibility of
acquiring additional equipment, or the control objective. We recommend simple but
accurate techniques such as master and slave and irradiance forecasting models to predict
the maximum available power on short-term horizons. Future studies should investigate
specific cases in which different techniques are compared under the same conditions
to analyze the performance of each one. This analysis will help determine the most
appropriate solution for each application.
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Abbreviations
The following abbreviations are used in this manuscript:

APPT adaptive power point tracking
CPG constant power generation
FPPT flexible power point tracking
GBSFS ground-based sensor forecasting system
GMPPT global maximum power point tracking
MPP maximum power point
MPPT maximum power point tracking
P&O perturb and observe
PFR primary frequency regulation
PRC power reserve control
PRRC power ramp-rate control
PV photovoltaic
SMC sliding mode control
SO system operator
VIC virtual inertia control
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