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Abstract: The integration of distributed power plants that rely on renewable energy sources (RESs) is
a major challenge for system operators (SOs) due to the variable nature of the input energy (e.g., wind
and solar irradiation) to these power sources. A key solution to such a challenge is to coordinate and
combine the power generation of these sources such that their behavior is closer to a conventional and
dispatchable power station, taking into account the limitations imposed by the battery storage system
(BESS), so it is seen as a hybrid power plant (HPP) from the SOs’ viewpoint. This paper develops a
model of HPP that encompasses two generation technologies, wind and photovoltaic farms, which
are assisted by a BESS. The paper proposes a comprehensive control method that can smooth the
HPP output with minimized energy rejection whilst enabling the HPP to provide synthetic inertia
and primary frequency response, which are grid-code compliant. The proposed control method is
validated through various scenarios, which are implemented on a detailed electromechanical test
system modeled in MATLAB/Simulink. The results show and quantify the achieved improvement
on stabilizing the HPP capacity factor under variable wind speed. The HPP also enhances the system
response to frequency events.

Keywords: frequency support; wind power; solar power; hybrid power plants; battery storage;
control systems; power smoothing; capacity factor

1. Introduction

There are obvious and growing efforts worldwide to increase and expand RES contri-
butions to the generation mix, replacing the conventional power stations that rely on fossil
fuels [1]. However, SOs, technology developers and RES farms operators are still facing
the fundamental challenge of maintaining power system stability subject to potential risks
caused by the variable nature of RES output (except hydropower plants), which depend on
meteorological conditions, e.g., wind speed, tides, solar irradiation, etc. [2].

The literature covers many aspects of the grid-friendly operation of RESs, which
includes the provision of frequency support [3,4] and voltage support [5], among other
types of ancillary services. Significant attention has been given to the provision of frequency
support by wind turbines and wind farms (WFs), where supplementary controllers are
integrated into the controls of Type 3 (double-fed induction generator) and Type 4 (full
rated synchronous generator) wind turbine generators (WTGs) to be capable of providing
a regulated active power increment during frequency excursions. The two most common
concepts are pitch-deloading and kinetic energy extraction [6]. The two concepts have
been extensively implemented in the literature through different controller designs, which
usually require the system frequency, WTG pitch angle and speed or available power as
input signals; meanwhile, the output signal is an amended reference torque or power signal
as well as reference pitch angle. It is worth noting that this paper already considers this
technology in the developed HPP model, as explained in Section 2.

Voltage support by RES is another active field of research and technology develop-
ments. Many papers have proposed various control methods to enable wind turbines and
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PV systems to provide reactive power compensation during voltage dips and overvoltage
events. This is mainly focused on the integration of supplementary controllers into the d-q
currents control loops to regulate active and reactive power during faults. The challenge in
this field is more limited in comparison to frequency support as there is no need to sustain
certain amounts of active power for relatively long intervals. In addition, the presence of
the power electronics interface, i.e., back-to-back converters, facilitates the implementation
of these controls, making them very responsive and grid-compliant [7].

The combination of multiple power sources and generation technologies in one entity
has received special interest from stakeholders, and they are often referred to as HPPs.
They rely on a variety of power generation and energy sources, hence, the use of the
word ‘hybrid’. Some research also uses the term ‘virtual power plants’ [8]. However, this
expression might not be an accurate description of the developed energy system in this
paper, as all the elements should be physically available. One of the common examples
of virtual power plants is WFs, which are controlled to behave as a typical synchronous
generator, i.e., virtual synchronous generator; however, this is outside the paper scope.

The authors of [9] aim to validate simplified simulation models of the various energy
sources that can be parts of hybrid power plants. However, they do not offer specialized
control methods to provide ancillary services or improve the ability of the HPP output
dispatch as seen from the SOs viewpoint. The study is also more focused on grid-forming
control of WTGs in small microgrids. The authors of [10] developed sensitivity studies
to exploit various energy storage technologies, where they examined lead-acid battery
packs along with reversible polymer electrolyte fuel cells. They have also included a diesel
generator as a backup energy source which compromises the ‘green’ nature of the HPP,
leading to CO2 emissions. The review article [11] provides a high-level comprehensive
discussion on two main aspects, the optimization techniques to size the generation units
forming an HPP, and the different approaches implemented to design control methods
of HPPs. It is mentioned that the offered control methods in the literature can consider
either economic challenges or technical challenges, and this manuscript is focused on the
technical challenges related to the coordinated provision of ancillary services by the power
units forming the HPP. The research presented in [12] provides an overview of the various
generation technologies that can contribute to HPPs, including wind and hydro power. It
also presents the advancement in probabilistic algorithms used to estimate the capacity
factor of renewable energy, with some real case studies for solar power plants in the US.
However, they do not discuss modeling of HPPs and the corresponding holistic controls to
enable further functionalities, including ancillary services provision. This paper considers
the feasibility of providing frequency support services from more than one power source,
i.e., the BESS and the wind farm, while the third power source, i.e., PV farm, does not
sacrifice any of its generated power to maintain a reserve margin. In addition, the proposed
control utilizes the online HPP capacity factor as a key driver for the HPP’s dispatchability
and control of the integrated BESS.

Energy storage systems have been widely investigated in the literature as pivotal
elements in the increase of RESs share in the generation mix. There are various technologies
that can be used to sustain power generation and provide ancillary services; however, the
most common are hydro-pumped storage (more than 98% of grid-scale energy storage
worldwide) and battery energy storage [13]. Even though hydro-pumped storage is the
most common, it has special geographic requirements and huge capital investments, whilst
also being less responsive compared to BESS. However, BESSs are still facing a higher
levelized cost of energy compared to other power-generation technologies. In addition to
the essential cooling systems, which represent a major challenge for warm countries, BESSs
are still a relatively expensive option.

The key roles of BESSs can be categorized into four areas: concurrent provision of grid
services, e.g., frequency and voltage support [14]; optimal BESS operation under various
constraints and lifetime boundaries [15]; special controls of the power electronic interface
in the case of a weak grid, e.g., grid-forming controls [16]; and coordinated operation
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with RES. Authors in [13] propose a control method for BESSs to provide both energy and
frequency control services. In [17], the BESS is sized according to the seasonal historical
generation of a WF, and then a frequency support method is proposed, which relies on
a certain droop profile. The authors of [18] implemented predictive control to make the
distribution feeder dispatchable within a 5 min time window considering the operational
constraints of the integrated BESS.

In the light of this literature review, and to the authors’ best knowledge, the operation
and modeling of detailed HPPs is an active topic that requires further contributions. This
paper proposes the design and control methods of a complete HPP, where the incorpo-
rated BESSs power generation/demand is managed according to the WF and PV farm
(PVF) generation. The BESS has two control modes; first, it can stabilize the HPP output
at a predefined capacity factor (CF), and second, provide active power support during
frequency drops. The priority is always given to mode 2: frequency support, where the
provided increment in active power is regulated to comply with a certain generic grid code.
Moreover, and to exploit further capabilities of such HPPs, the WTGs are equipped with a
supplementary frequency support control, which relies on the pitch deloading concept to
provide additional security to the interconnected power system during frequency events.
The support from the WF can also be seen as a backup when the state of charge (SOC) of the
BESS falls below its minimum threshold; hence, the BESS will not be able to provide active
power support in the case of frequency drops. The presence of the BESS should compensate
both technically and economically for the wasted electrical energy due to deloading the WF
at normal operation (i.e., when the frequency is within the safe deadband), where the BESS
acts as a buffer absorbing excess/injecting deficit power to maintain a certain CF, fulfilling
the promised power rating of the HPP. It is worth mentioning that The HPP research can
be focused on either the technical and/or the economic aspects [11]. The presented study
and the developed models and control methods are focused on the technical operation and
coordination between the power sources forming the HPP. The sizes of the WF, PVF and
the BESS are prerequisites to the proposed operation method.

The rest of the paper is organized as follows: Section 2 explains the developed BESS
controls and their coordination with PVF and WF instantaneous generation. Section 3
describes the controls of the three power sources, the implemented test system, the corre-
sponding simulation model, and the applied case studies. Section 4 presents the results
obtained and the corresponding technical explanations. Finally, Section 5 provides a brief
discussion that includes the main findings and conclusions.

2. HPP Active Power Management

The considered HPP is composed of three power sources: WF, PVF and the BESS. In
this section, the control methods integrated into the BESS and WF to provide ancillary
services are explained.

2.1. BESS Roles

The BESS has two roles, the first being to maintain the CF of the HPP within a certain
predefined value, which should be decided in the planning stage of the HPP using the
available meteorological data and the technical specifications of the installed power sources.
In this study, the target capacity factor (CFo) is assumed to be 35%, which is an average
value for many WFs according to the literature [19]. The CF is calculated continuously
using (1), according to the fluctuations of wind and solar irradiation; hence, the generated
power by the WF and PVF:

CF =
PWF + PPVF ± PBESS

PR
WF + PR

PVF
;+VE : BESS is discharging,−VE : BESS is charging (1)

where PWF, PPVF and PBESS are the instantaneous power generation of the WF, PVF and
the BESS, respectively, while PR

WF and PR
PVF are the rated power of the WF and the PVF,

respectively. As observed, the CF excludes the BESS-rated power in the denominator, as
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the function of the BESS is to sustain an almost constant output of the PVF and WF from
the viewpoint of the grid operator, i.e., it acts as a buffer where it stores excess energy
or compensates for lower generation compared to CFo. Accordingly, the active reference
power of the BESS in CF tracking mode (PCF

BESS) is calculated using (2):

PCF
BESS = (CF − CFo)×

skCF
p + kCF

s

s
(

sTf + 1
) ×

(
PR

WF + PR
PVF

)
× 1

pfref
(2)

where kCF
p and kCF

I are the proportional and integral gains of the PI controller responsible

for setting Pre f
BESS, pfref is the reference power factor at which the BESS inverter is operating,

i.e., assumed to be a unity power factor, and ‘s’ is the Laplace operator.
According to (2), the BESS will be charged when CF > CFo, where Pre f

BESS will have a
positive value, and vice versa. The corresponding reference DC current of one rack in the
BESS (Ire f

rack) is calculated using (3)

Ire f
rack =

PCF
BESS

Nracks × Vre f
BESS

(3)

where Nracks is the number of parallel racks in the BESS and Vre f
BESS is the reference DC

voltage of the BESS. The polarity (i.e., sign) of Ire f
rack indicates whether the BESS is charging

(positive current) or discharging (negative current).
The second key role of the BESS is to provide synthetic inertia and primary reserve.

The main objective, in this case, is to regulate the change in active power provided by
the BESS (∆P f

BESS) to suppress the frequency deviation and contribute to reducing the

gap between generation and demand. The value of ∆P f
BESS is estimated through the

generic frequency support control shown in Figure 1, where the numeric values of the
corresponding parameters are collated in Table 1.
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Figure 1. Frequency support controller of the BESS. Figure 1. Frequency support controller of the BESS.

Table 1. Parameters of the frequency support controller of BESS.

Parameter Symbol Value

Frequency deadband fdb ±20 mHz
Frequency droop R 4%

Synthetic inertia component limits ∆Pd ±0.1 pu
Primary response component limits ∆Pp −0.8 to 0.1 pu

Inertia time constant Tj 10 s
Communication time delay Tc 20 ms

The coordination between the CF tracking functionality and frequency support during
frequency events (i.e., the frequency is outside the safe deadband) is an additional challenge.
Many proposals give priority to frequency support, which means turning off the CF tracing
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functionality. However, this could be threatening for system stability in some scenarios.
For example, if the BESS was operating in the discharging mode to elevate the CF of the
HPP, and a frequency drop occurred, the BESS will switch quickly to frequency support
mode. However, this could lead to less power injected by the BESS to the grid if compared
to its original value just before the event, i.e., ∆P f

BESS < PCF
BESS, which will aggravate the

generation–demand imbalance. Note that although the power is injected by the BESS in
both operation modes, the magnitude may have a significant impact. Another scenario
is when the HPP output has naturally increased during the frequency drop due to an
increase in wind speed and/or solar irradiation. In such a case, maintaining the CF to its
target value, which could be lower compared to the actual HPP generation, will curtail
the HPP capability to arrest the frequency nadir and rate of change of frequency (RoCoF).
To overcome this issue, the control logic represented by (4) and illustrated in Figure 2
is implemented,

Support operation : Ire f
rack =


±PCF

BESS±∆P f
BESS

Nracks×Vre f
BESS

i f sign (PCF
BESS) = sign

(
∆P f

BESS

)
∆P f

BESS

Nracks×Vre f
BESS

else
(4)
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The reference current is evaluated such that the CF tracking functionality is allowed
only when its mode (charging or discharging) is similar to the mode required by frequency
support. For example, if there is a frequency spike, the BESS should be charged to absorb
the additional power which is causing the imbalance. If the CF was already low during
such an event, the BESS will be required to discharge to elevate the CF aiming to reach
CFo. Hence, the proposed method will pause the CF tracking facility in this scenario, as
it should be more useful to retain frequency stability faster with minimised fluctuations.
Therefore, the proposed control does not simply add the reference power of CF tracking as
well as the frequency support controller together. This is indicated in the conditional block
within the ‘Support operation’ path in Figure 2.
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2.2. Frequency Support by WF

The applied method can be classified as delta deloading [20], where WTG output
is deloaded continuously by a constant factor (DF) through increasing the pitch angle.
The available output (Po

ref) refers to the WTG output when it follows the conventional
Maximum Power Tracking (MPT). The ratio Pref / Po

ref in (5), which is called the adjustment
factor (AF), is controlled using (6):

Pre f = AF × Po
re f (5)

AF =


1 − DF, f ≥ flow

DF ×
(

1 − fo− f
fdropmax

)
,
(

fo − fdropmax

)
< f < flow

1, f ≤
(

fo − fdropmax

) (6)

where fo and f are the nominal and actual frequencies, respectively. The active power
set-point is reduced by DF = 0.15; meanwhile, the rotor speed is regulated to the nominal
value based on the incident wind speed at normal frequency conditions. This is the normal
operation mode, where AF is less than 1. When frequency drop violates a safe margin
(flow), the deloading ratio is curtailed by a droop gain until frequency drop reaches a preset
threshold (fdropmax

), at which AF = 1. The supplementary controller shown in Figure 3 is
integrated into speed and pitch control in the MATLAB benchmark of Type 4 WTG. The
variability of AF according to the incident frequency deviation with two types of deloading,
i.e., droop and step, is illustrated in Figure 4. The values of the controller parameters are
collated in Table 2.
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Table 2. The values of the parameters of the implemented pitch deloading control.

Parameter Symbol Value

Max. frequency drop fdropmax
0.25 Hz

Frequency threshold to initiate support flow 59.95 Hz
Deloading factor DF 15%

Time delay Td 10 ms

It should be highlighted that this paper focuses on the dynamic operation of the
HPP, namely, the control of active power produced by the HPP as a whole either during
normal frequency conditions or during frequency excursions relying on the presence of
the BESS as a key element in the HPP. The proposed control method should not have an
adverse negative impact on the HPP economics. In particular, the BESS lifetime might
be slightly affected due to its dual role as frequency support provider as well as CF
tracker; however, most of the modern BESS modules are capable of handling fast and
continuous charging/discharging dynamics without a critical impact on their durability.
The adjustment of CFo can be made related to market spot price as well as grid dynamics.

3. Test System and Case Studies

This section explains the implemented test system to demonstrate the application of
the proposed control method. It also describes the various case studies that have been
designed to examine the system response under different operating conditions, during and
after some system events.

3.1. HPP Model and the Interconnected Network

The HPP encompasses three power sources: a WF, PV installation (PVF) and a BESS,
as illustrated in Figure 5 Every WTG inside the WF, as well as the PV installation, is coupled
to the network through a power electronics interface.
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3.1.1. The Wind Farm

The WF is modeled as an aggregate WTG, which includes the turbine, drive train,
synchronous generator and full-rated back-to-back converter models as well as their
controllers. The mathematical modeling and explanation of Type 4 WTG has been vastly
investigated in the literature [21]. The WTG controls are amended, as explained earlier in
Section 2, to integrate the pitch-deloading frequency support controller. The harnessed
wind power (Pw) is calculated using the well-known Equations (7)–(9):

Pw = 0.5·ρ·Cp·A·v3
w (7)
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Cp(λ, β) = 0.22·
(

116
λi

− 0.4β − 5
)
·e

−12.5
λi (8)

λi =
1

1
λ+0.08β − 0.035

β3+1

(9)

where Cp is the performance coefficient, λ is the tip speed ratio and both are dimensionless.
β is the pitch angle in degrees, A is the rotor swept area in m2 and ρ is the air density in
kg/m3. The WTGs apply the conventional maximum power tracking (MPT) approach,
which relies on adjusting the rotor speed through a tracking function based on the output
power of the WTG (Pout

WTG) in per unit of the WTG rated power, as in Equation (10).

ωre f = −0.555·
(

Pout
WTG

)2
+ 1.183·Pout

WTG + 0.425 (10)

The deviation between the optimum reference rotor speed and the actual speed is
fed into the duty cycle controller of the machine side converter, as illustrated in Figure 6.
Further explanations of the WTG benchmark can be found in MATLAB documentation.
The rated power of the WF is 80 MW, i.e., 40 × 2 MW Type 4 WTGs.
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3.1.2. The PV Farm

The PVF is modeled as an aggregation of 20 groups, each of 400 kW rated power, where
the combined power of the farm is 8 MW at 1-Sun. Each group is formed of 128 parallel
strings; each string includes 20 series modules. The PV modules are controlled using
the conventional Perturb and Observe control approach to adjust the modules currents,
achieving maximum power tracking according to the incident solar irradiation [22]. The
PVF is connected to the grid via a DC boost converter that regulates the DC link voltage,
then an inverter to convert the DC power into AC power, which is fed into the grid. The
temperature is kept constant at an average value of 30 ◦C.

3.1.3. The Battery Storage System

The MATLAB benchmark model of the Li-Ion cell is the fundamental component of
the BESS, whose design is inspired by the commercial BESS in [23]. The BESSs’ power size
was estimated upon the average output power of the WF, where the applied variable wind
speed is considered as a reference. The BESS power capacity is assumed to be 15% of the
HPP-rated power, i.e., WF plus PVF rated power. The BESS reference value of the total
charging/discharging current is calculated using the controller, explained in Section 2. The
main characteristics of the three power sources are summarized in Table 3. The common
technical characetersics of the four identical synchronous power plants are in Table 4.
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Table 3. Main parameters are ratings of the WF, PVF and the BESS.

Parameter Wind Farm PV Farm BESS

Rated power [MW] 80 8 13
Technology Type 4 Monocrystalline PERC Li-Ion

Units no. and structure 40 × 2 MW WTGs 256 strings × 5 modules 10 cells × 28 modules × 46 racks

Control method MPT—Power speed control
and pitch deloading MPT—Perturb and Observe Two modes: CF tracking and

frequency support

Table 4. The values of the parameters of the synchronous power plant.

Parameter Value Parameter Value

Rated voltage 20 kV PSS Time constant 15 ms
Inertia 6.2 s PSS gain 30

Governor droop 5% PSS washout constant 10 s
Exciter gain 200 Output limits ±0.15 pu

3.1.4. The Interconnected Network

The implemented two-area benchmark was modified to reduce the conventional
generation capacity, i.e., the combined ratings of the generators 1 to 4, i.e., G1 to G4, as
illustrated in Figure 7. Hence, the loads in the two areas are also scaled down to match the
total generation capacity of the grid. The total synchronous generation is 1440 MVA, and
they are loaded by about 85% to feed the connected loads. This should be considered as a
challenging scenario of a weak grid. Further details about the two-area model are available
in [24] and MATLAB documentation.
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3.2. Case Studies

The variable wind speed and solar irradiation profiles which are implemenetd in all
case studies is shown in Figures 8 and 9 respectively. This is realistic wind speed data
represent a typical wind speed profile. The applied simulation time span is relevant to
the nature of the study and the objectives of the control method, which are focused on
active power control and its impact on frequency dynamics. The presented study applies
randomly changing insolation within the range of 700–1000 W/m2 to reflect realistic and
moderate variations at average weather conditions.

Case study 1 (base case)—A sudden increase in load with 88 MW occurs in Area 1 at
t = 8 s. All the special controls are OFF, including the CF tracking. This should be the base
case, which is used as a reference to observe the impact of various scenarios and control
methods on both the power source dynamics as well as the system response.

Case study 2—variable wind/gull support: both the WF frequency support and the
BESS functionalities (CF tracking and frequency support are ON). The system is subject to
the same load event of Case study 1.
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Case study 3—variable wind/WF support OFF: similar to Case study 2, but the
frequency support by WF is turned OFF, i.e., no deloading.

Case study 4—constant wind/no support: this is a second base case but at a constant
wind speed of 9.4 m/s applying the same load event of Case 1.

Case study 5—constant wind/full support: similar to Case study 2, full support from
both WF and the BESS, but at a constant wind speed of 9.4 m/s.

The constant wind speed in Case studies 4 and 5 was selected to this value as an
average of the variable wind speed profile applied in the first three case studies.

4. Results

The results of the five case studies are thoroughly discussed where some reflective
signals are discussed separately in this section; meanwhile, the combined observations
are explained in the next section. All cases are always compared to Case study 2, as it
represents a realistic scenario of variable wind speed with a reasonable average; meanwhile,
the other cases mainly reveal and separate the various effects of the implemented controls.
The BESS cell reference current is displayed in Figure 10, where the current is maintained
at zero before the CF tracking is activated at t = 1 s, where the current increases in the
positive direction, i.e., BESS charging, to reduce the CF until it reaches the target value at
normal operation. This is clear in both Cases 3 and 5; however, in the case of constant wind
speed, the current is almost constant according to the constant nature of the WF output.
On the other hand, the current fluctuates in Case studies 2 and 3, following the continuous
variations in WF output due to the variable wind speed. The BESS current is always higher
in Case study 3 compared to Case 2, where the WF output is not deloaded in Case study 3
(frequency support is off; hence, pitch deloading is deactivated during normal operation).
The conventional generation of both the WF and PVF are displayed in Figure 11 to provide
a wider picture of the generation mix during the simulation time span. It can also be
observed that under the given wind and solar irradiation conditions, the PVF contribution
into the HPP generation mix is about 20%; meanwhile, its installed capacity compared to
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the WF capacity is 10%. This also reflects the capability of the proposed control method to
track CFo using the integrated BESS, with the presence of two green power sources, which
rely on two different types of input energy (i.e., solar irradiation and wind).
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The higher WF output in Case study 3 requires the BESS to charge more, keeping
the CF within the targeted value. At t = 9 s, the frequency events occur; hence, the BESS
should respond in an opposite way to the cause of the frequency event. In this case, there
is a frequency drop caused by a sudden increase in load; hence, more active power should
promptly be injected into the power system. Since the BESS was in charging mode just
before the event, it has to switch discharging mode, i.e., negative current, to comply with
the frequency support requirements, as explained earlier in Section 2. Similar outcomes are
deduced based on the in/output power of the BESS shown in Figure 12.
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The successful operation of the CF tracking functionality is demonstrated through the
behavior of the CF displayed in Figure 13, where the CF drops to the target value within a
very short time from CF tracking activation. The designed PI control and the selected input
signal enabled such a smooth and fast tracking in spite of the variable nature of wind speed
at 1 s time resolution. At constant wind speed in Figure 13b, the CF maintained an almost



Energies 2021, 14, 3928 12 of 15

flat line because of the constant wind speed; however, once the frequency excursion occurs,
the CF increases rapidly as the HPP injects more active power to arrest the frequency nadir
and mitigate the consequences of the sudden increase in load. The impact of WF deloading
can also be seen on the CF, which has some slight fluctuations in Case study 3 compared to
Case study 2.
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The system frequency shows an expected behavior in the examined case studies as
in Figure 14, where the frequency drops very slightly once the CF tracking is activated at
t = 1 s; however, the frequency deviation is still within the safe margin, which is ±0.05 Hz
in this research work. The frequency is less than the nominal value on this occasion, as the
BESS will activate the charging mode to reduce the CF to the target value.
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in Case study 3 compared to Case study 2. 
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in Figure 14, where the frequency drops very slightly once the CF tracking is activated at 
t = 1 s; however, the frequency deviation is still within the safe margin, which is ±0.05 Hz 
in this research work. The frequency is less than the nominal value on this occasion, as the 
BESS will activate the charging mode to reduce the CF to the target value.  

The contribution of HPP to frequency support during the event does not clearly im-
pact either the RoCoF or the worst frequency deviation, i.e., nadir, due to the limited HPP 
capacity compared to the aggregate capacity of the four synchronous generators, as they 
dominate the generation mix. There was no clear impact of wind speed variability due to 
the domination of conventional generation mix as well as the activation of CF tracking, 
which maintained an almost constant HPP output, as discussed previously. It is worth 
mentioning that the authors will investigate further scenarios and implement the pro-
posed methods and model of the HPP with a larger capacity which achieves higher pen-
etration into the generation mix in their future research. 
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Figure 14. System frequency measured at the HPP point of connection: (a) variable wind speed; (b) constant wind speed 
compared to Case 2. 

The WTG pitch angle dynamics reflect the influence of the output deloading where 
the pitch is always higher than zero in Case 2 of full support in Figure 15a, where its value 
is changing continuously according to the incident wind speed. The pitch angle is almost 
constant in Case 5 with constant wind speed (Figure 15b), then it drops quickly to almost 
zero at the frequency event following the controller response, which is explained in Sec-
tion 2.2. 

Figure 14. System frequency measured at the HPP point of connection: (a) variable wind speed; (b) constant wind speed
compared to Case 2.

The contribution of HPP to frequency support during the event does not clearly
impact either the RoCoF or the worst frequency deviation, i.e., nadir, due to the limited
HPP capacity compared to the aggregate capacity of the four synchronous generators, as
they dominate the generation mix. There was no clear impact of wind speed variability due
to the domination of conventional generation mix as well as the activation of CF tracking,
which maintained an almost constant HPP output, as discussed previously. It is worth
mentioning that the authors will investigate further scenarios and implement the proposed
methods and model of the HPP with a larger capacity which achieves higher penetration
into the generation mix in their future research.

The WTG pitch angle dynamics reflect the influence of the output deloading where
the pitch is always higher than zero in Case 2 of full support in Figure 15a, where its
value is changing continuously according to the incident wind speed. The pitch angle is
almost constant in Case 5 with constant wind speed (Figure 15b), then it drops quickly to
almost zero at the frequency event following the controller response, which is explained in
Section 2.2.



Energies 2021, 14, 3928 13 of 15
Energies 2021, 14, 3928 13 of 15 
 

 

  
(a) (b) 

Figure 15. Pitch angle: (a) variable wind speed; (b) constant wind speed compared to Case 2. 

5. Discussion 
The proposed active power control of the HPP power sources considered two main 

functions: improving the ability of HPP output dispatch, i.e., keeping a constant and pre-
determined CF as possible using the BESS as a buffer and the provision of synthetic inertia 
and primary response using the BESS as a sustainable power reserve. The implemented 
test system and case studies prove the successful application of the proposed control 
method. The BESS charging/discharging strategy provides a reasonable balance between 
the mitigation of uncertainty of HPP power output and the capability of frequency sup-
port. This includes the capability of CF tracking if it requires the same operation mode 
which is necessary for frequency support, not just to simply switch between the two func-
tionalities simultaneously. The incorporation of a second reserve, which is the margin be-
tween the optimum and deloaded output of the WF, should reduce the stress on the BESS; 
however, it can reduce the HPP revenue due to the unsold amounts of energy. The in-
cluded low-pass filter in the CF tracking control should also reduce the minor negative 
influence of continuous fluctuation in cell current. In addition, the nature of wind speed 
fluctuations should also suppress this influence, as the wind speed is always fluctuating 
around a certain average, which does not change steeply within very short intervals, sim-
ilar to the profile applied in the presented case studies. Hence, the cell current does not 
change its direction (charging/discharging). 

The size of the BESS, i.e., power rating and energy capacity, can be accurately calcu-
lated using probabilistic or deterministic methods offered in the literature. In particular, 
the HPP research is usually focused on either the technical and/or the economic aspects 
[11]. The presented study and the developed models and control methods are focused on 
the technical operation and coordination between the power sources forming the HPP. 
Therefore, the presented research considers the capacities of the wind farm, the PV farm 
and the BESS as prerequisites to the proposed operation methods. The sizing optimization 
can be developed to consider the best sharing of the HPP primary reserve between the 
contributions of the BESS and the WF deloaded output. 
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Figure 15. Pitch angle: (a) variable wind speed; (b) constant wind speed compared to Case 2.

5. Discussion

The proposed active power control of the HPP power sources considered two main
functions: improving the ability of HPP output dispatch, i.e., keeping a constant and pre-
determined CF as possible using the BESS as a buffer and the provision of synthetic inertia
and primary response using the BESS as a sustainable power reserve. The implemented
test system and case studies prove the successful application of the proposed control
method. The BESS charging/discharging strategy provides a reasonable balance between
the mitigation of uncertainty of HPP power output and the capability of frequency support.
This includes the capability of CF tracking if it requires the same operation mode which is
necessary for frequency support, not just to simply switch between the two functionalities
simultaneously. The incorporation of a second reserve, which is the margin between the
optimum and deloaded output of the WF, should reduce the stress on the BESS; however,
it can reduce the HPP revenue due to the unsold amounts of energy. The included low-
pass filter in the CF tracking control should also reduce the minor negative influence of
continuous fluctuation in cell current. In addition, the nature of wind speed fluctuations
should also suppress this influence, as the wind speed is always fluctuating around a
certain average, which does not change steeply within very short intervals, similar to the
profile applied in the presented case studies. Hence, the cell current does not change its
direction (charging/discharging).

The size of the BESS, i.e., power rating and energy capacity, can be accurately calcu-
lated using probabilistic or deterministic methods offered in the literature. In particular, the
HPP research is usually focused on either the technical and/or the economic aspects [11].
The presented study and the developed models and control methods are focused on the
technical operation and coordination between the power sources forming the HPP. There-
fore, the presented research considers the capacities of the wind farm, the PV farm and
the BESS as prerequisites to the proposed operation methods. The sizing optimization
can be developed to consider the best sharing of the HPP primary reserve between the
contributions of the BESS and the WF deloaded output.
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ment and manuscript revision. Both authors have read and agreed to the published version of
the manuscript.
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Abbreviations

BESS Battery Energy Storage System
CF Capacity Factor
HPP Hybrid Power Plant
MPT Maximum Power Tracking
PVF Photovoltaic Farm
RES Renewable Energy Source
RoCoF Rate of Change of Frequency
SO System Operators
SOC State of Charge
Type 3 Double-fed Induction Generators
Type 4 Full Rated Synchronous Generator
WF Wind Farm
WTG Wind Turbine Generators

Symbols

A Rotor swept area (m2)
AF Adjustment factor (-)
CF Target capacity factor (-)
Cp Performance coefficient (-)
DF Deloading factor (-)

Ire f
rack Reference DC current of one rack of BESS (A)

kCF
p Proportional gain of PI Controller (-)

kCF
I Integral gain of PI Controller (-)

f Actual frequency (Hz)
fdb Frequency deadband (Hz)
flow Frequency threshold to initiate wind power support (Hz)
fo Nominal frequency (Hz)
Nracks Number of parallel racks in BESS (-)
PBESS Instantaneous generation of BESS (W)
pfref Reference power factor of the BESS (-)
PWF Instantaneous generation of wind farm (W)
Po

ref Maximum available power output of the wind farm (W)

Pout
WTG Output power of the wind turbine generator (W)

PPVF Instantaneous generation of PV farm (W)
PBESS Instantaneous generation of BESS (W)

PR
WF Rated power of the wind farm (W)

PR
PVF Rated power of the PV farm (W)

PCF
BESS Reference active power of the BESS in capacity-factor-tracking mode (W)

R Frequency droop (-)
Vre f

BESS Reference DC voltage of BESS (V)

∆P f
BESS Change in active power provided by the BESS (W)

∆Pd Synthetic inertia component power limit (per unit)
∆Pp Primary response component power limit (per unit)
Tj Inertia time constant (s)
Tc Communication time delay (s)
λ Tip speed ratio (-)
β Pitch angle (degree)
∆Pd Synthetic inertia component power limit (per unit)
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