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A B S T R A C T

Preservation of the environment has become the main motivation to integrate more renewable energy sources
(RESs) in electrical networks. However, several technical issues are prevalent at high level RES penetration. The
most important technical issue is the difficulty in achieving the frequency stability of these new systems, as they
contain less generation units that provide reserve power. Moreover, new power systems have small inertia
constant due to the decoupling of the RESs from the AC grid using power converters. Therefore, the RESs in
normal operation cannot participate with other conventional generation sources in frequency regulation. This
paper reviews several inertia and frequency control techniques proposed for variable speed wind turbines and
solar PV generators. Generally, the inertia and frequency regulation techniques were divided into two main
groups. The first group includes the deloading technique, which allow the RESs to keep a certain amount of
reserve power, while the second group includes inertia emulation, fast power reserve, and droop techniques,
which is used to release the RESs reserve power at under frequency events.

1. Introduction

Recently, air pollutants generated by fossil fuel power plants, such
as carbon dioxide, nitrogen oxide, and Sulphur dioxide are causing
serious environmental problems [1]. Acid rain and global warming are
regarded as major causes of the environmental pollution [2,3]. In the
United States, fossil fuel power plants emit about 2.2 billion tons of
carbon dioxide (CO2) annually [4]. These problems forced governments
and other agencies around the world to set targets in increasing the
application of RESs in the generation of electrical power [5]. China, for
example, has set a target of generating over 15% of its total power from
renewable energy by 2020 with 420 GW of hydro, 50 GW solar,
200 GW of wind, 30 GW of biomass. As shown in Fig. 1, several
countries set different future prospective targets in increasing power
generation from RESs. These plans are crucial in order to address the
tremendous increase in world energy demand while simultaneously
reducing the amount of pollutions.

Generally, integrated RESs in a power system decreases depen-
dence on fossil fuel, improve voltage profile, and increase the reliability
of power system [7–10]. However, the high penetration of RESs can
lead to critical frequency stability challenges [11]. First, the RESs
typically have low or non-existent inertial responses [12]. For example,
the variable speed wind turbines are usually connected to the network
by power electronic converter, which effectively decouple the wind
turbine inertia from mitigating system transients. Furthermore, solar

photovoltaic plants do not provide any inertia response to the power
system. Therefore, replacing conventional sources with RESs will
reduce the inertia of the whole power system. This fact is supported
by [13,14] both of which predicted that the increasing number of RESs
in the UK could reduce the inertia constant by up to 70% between
2013/14 and 2033/34. Due to this inertia reduction, the Rate of
Change of Frequency (ROCOF) of the power system will be high
enough to activate the load-shedding controller, even at a small
magnitudes of imbalance. In [15], different penetration levels of
RESs were used with a Synchronous Generator (SG) to cover 3.8 MW
load demand. As reported in [15] and shown in Fig. 2, the ROCOF of
the power system increase whenever the percentage-installed capacity
of the RESs increases.

Second, an increase in the penetration level of the RESs decreases
the number of generation units providing reserve power for primary
and secondary control. For this reason, the frequency deviation will be
increased, as reported in [16] and shown in Fig. 3.

To overcome the frequency stability challenges represented by
small inertia response and reserve power, RESs must create new
frequency control techniques to allow them to participate in frequency
regulation operations. This paper presents a comprehensive review of
inertia and frequency control techniques for solar PV and wind
turbines. These techniques enable the RESs to increasingly stabilize
the power system. This paper is organized in the following order.
Section 2 will discuss the frequency response of conventional power
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sources. Section 3 will present several inertia and frequency control
techniques for RESs without ESS. Section 3.1 will present several
inertia and frequency control techniques for RESs with ESS. Section
3.1.1 will explain the different soft computing approaches used with
frequency regulation control. Section 3.1.1.1 will discuss the advantage
and disadvantages of each control methods. The conclusions and future
research will be presented in Section 3.1.1.2.

2. Frequency response of conventional power sources

The general frequency response with operation limits correspond-
ing to England and Wales are shown in Fig. 4. During normal
operations, the system frequency is close to 50 Hz. However, when
an event occurs that causes generation-demand unbalance, the system

frequency starts to decline with the frequency rates, depending on the
total system inertia and the amount of unbalanced power, as given by
the swing equation [17,18]:

df
dt

fo
H S

P P=
2

( − )
sys B

m e
(1)

where df/dt is the rate of frequency change, Hsys is the total system
inertia constant, SB is the rating power of the generator, Pm, Pe are the
mechanical power and electrical power, respectively, and fo is the
system frequency. Prior to any controller activation and due to inertia
response, the synchronous generator releases the kinetic energy stored
in its rotating mass, which lasts for ~10 s [18,19]. After that, if the
frequency deviation surpasses a specific value, the primary frequency
controller will be immediately activated. This controller use the
generator governor to return the frequency to save values within 30 s
[19,20]. After 30 s, a new control called the secondary control will be
activated to return the system frequency to its nominal value.

As shown in Fig. 4, the secondary controller needs several minutes
to recover the system frequency to its nominal value. Therefore, a
reserve power should be available to cover the increase in power
demands during this period. Finally, the remaining power deviation
activates the tertiary frequency control. Differing from primary and
secondary controllers, tertiary controller requires manual adjusting in
the dispatching of generators or changes of the schedule periods. This
paper does not deal with this type of controller [22]. Generally, Inertia
and frequency control techniques for RESs is commonly divided into
two main categories; control techniques for RESs without any support
from ESS and control techniques for RESs with ESS. Fig. 5 illustrates
the different techniques that fall under each category:

3. Control techniques designed for RESs without energy
storage systems

In order to minimize the negative impact of high RESs penetration,
different inertia and frequency control techniques for RESs with and
without ESS can be considered. These techniques enable RESs, such as
wind turbine and solar PV plants, to contribute to the frequency
regulation.

3.1. Wind turbine

Wind energy is one of the most applied renewable sources
throughout the world. Many countries that have wind energy potential
started replacing conventional power plants with wind energy plants.
Statistics show that future wind penetration in the U.S. and Europe will
exceed 20% within the next two decades [23].

There are two main categories of wind turbine; fixed speed and
variable speed [24]. A fixed speed wind turbine generally uses an
induction generator that is connected directly to the grid and can
provide an inertial response to the frequency deviation, even though
this inertia is small compare to the synchronous generator. A variable
speed wind turbine mainly uses a Permanent Magnet Synchronous
Generator (PMSG), or DFIG. The PMSG is fully decoupled from the
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Fig. 1. Renewable energy targets by country for 2020 [5,6].
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grid; this is because the stator of this type of generator is connected to
the power electronic converter in order to inject the power into the
grid. The DFIG is similar to the PMSG, except for the fact that this
generator is connected to the grid via a rotor circuit. The power
electronic converter used in a variable speed wind turbine enables the
wind turbine to regulate the output power over a wide range of wind
speeds [25]. However, this coupling isolates the wind turbine from the
frequency response under disturbance. Additionally, traditional wind
turbines follow the maximum power plot, as shown in Fig. 6. Therefore,
they do not have reserve power to support frequency control. The
maximum output power from a wind turbine, defined as a function of
rotor speed, is given by [26,27].

P K ω=MPPT opt
3 (2)

where ω is the rotor speed and Kopt is the constant (controller gain) for
the tracking of the maximum power curve, and obtained by:

K ρπR
Cp
λopt

= 0.5opt
opt5

3 (3)

where ρ is the air density, R is the radius of the turbine wheel, Cpopt is
the maximum power coefficient, λopt is the optimum tip speed. The
maximum power point controller determines the operating point along
the power load line. This operation was conducted using the speed
regulation of wind turbine within the speed limits and pitch regulation
after the rated speed.

Researchers have investigated two main techniques to support
frequency control using a variable speed wind turbine, inertia response,
and power reserve control. Inertia control enables the wind turbine to
release the kinetic energy stored in the rotating blades within 10 s to
arrest the frequency deviation, while reserve control technique uses the
pitch angle controller, speed controller, or a combination of the two to
enhance the power reserve margin during unbalanced power events.

3.1.1. Inertia response control
Unlike conventional generators that can automatically release the

kinetic energy stored in their rotating mass, wind turbines do not have
the same ability to release the kinetic energy stored in rotating blades.
For this reason, the wind turbine need a suitable controller to provide
inertia response. Generally, there are two control techniques that deal
with inertia response; inertia emulation and fast power reserve. Inertia
emulation is the first technique; it proposes new control loops to
release the kinetic energy stored in rotating blades of wind turbine.
This additional power is used to terminate the frequency deviation
during unbalance events. Fast power reserve is the second technique,

Fig. 5. Inertia and frequency control technique design for RESs.
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which can also be used to terminate the frequency deviation. However,
this technique responds to frequency deviations by releasing constant
power for a set amount of time.

3.1.1.1. Inertia emulation. Using a power electronic converter with a
suitable controller enables the variable speed wind turbines to release
the kinetic energy stored in their rotating blades. This kinetic energy is
used as an inertia response in the range 2–6 s [29]. Generally, there are
two types of inertia response; one loop inertia response and two-loop
inertia response. In the former, one loop control based on the ROCOF
is used to release the kinetic energy stored in the rotating blades, while
the latter uses two loops based on ROCOF and frequency deviations. In
[21,30–32] the one loop inertia response is added to the speed control
system to enable the wind turbine to respond to the ROCOF. This
control loop is called inertia emulation, which exactly emulates the
inertia response of conventional power plants, as shown in Fig. 7.

The output power from wind turbine Pmeas determine the refer-
ence rotor speed ωr, ref, which is compared to the measuring rotor
speed ωr, meas, and used by the PI controller to provide maximum
power. During normal operations, the reference power transferred to
the converter is equal to the maximum power without any contribution
from the inertia control loop. After a power deficit, a certain amount of
power Pin based on the value of ROCOF and virtual inertia constant Hv

will added to the PMPPT. Due to the power increment, the generator
will slow down, and the kinetic energy stored in the rotating wind
turbine blades will be released. The additional power Pin comes from
the inertia response loop, which depends on ROCOF, and is given by
[33]:

P H ω
dω

dt
= 2 × ×in v sys

sys

(4)

Due to the constant additional power resulting from the inertial
control loop, this type of control has two disadvantages. First, the rotor
speed is rapidly reduced, leading to big losses in aerodynamic power.
Second, the controller takes time to bring back the energy during rotor
speed recovery. These disadvantages can be avoided, as per [34], where
a new inertia response constant is formulated. This constant is called
the effective inertia response, which is based on frequency value.
Generally, the inertia constant for a wind turbine is defined by:

H E
S

Jω
S

= =
2

kin

B B

2

(5)

where Ekin is the kinetic energy stored in the rotating mass of the wind
turbine, SB is the rated power, and J is the moment of inertia. Eq. (5)
can be rewritten by substituting the corresponding power from Eq. (2).
Then, the effective inertia constant will be:

He ω Jλ opt
ρπR C opt ω

( ) = 1
p

3

5 (6)

The main idea is to increase the value of the inertia constant as long
as the system frequency continues to decline. Consequently, the torque
transfer to the converter is reduced, as shown in Fig. 8.

The principle of the one loop inertia response discussed earlier is

that it provides a decelerating torque signal proportional to ROCOF.
This decelerating torque lasts until frequency is restored.
Consequently, without support from another controller, the overall
reference torque injected into the converter Telec

* will be decreased by
the maximum power point, which is working to bring back the system
to the optimum curve. As a result, the power injected into the grid will
be reduced directly and bring back the frequency support immediately.
In order to avoid this re-acceleration of wind turbine, [35,18][18,35]
proposed a two loop control inertia response, as shown in Fig. 9. This
control provides an additional torque ΔT, which is proportional to
frequency deviation and lasts until nominal frequency is recovered. The
two loop inertia response control system with two additional modifica-
tions is presented in [36]. A new block called delay speed recovery is
added to recover the turbine speed as soon as possible. A wave filter is
the other modification, which is adapted in the Δf loop to avoid
constant value. In this paper, the author also discusses the effect of
different values of K1 and K2 on system stability.

3.1.1.2. Fast power reserve. Generally, the inertia response can be
emulated, as the control signal depends on the frequency deviation or
ROCOF, as pointed out previously. It can also be defined as a constant
10% of the nominal active power for 10 s, despite various wind speeds
[37]. The short-term constant power, which is called the fast power
reserve, is released from the kinetic energy stored in the rotating mass
of the wind turbine. This fast power reserve can be achieved by
controlling the rotor speed set point. This is given by:

P t Jωro Jωrt= 1
2

− 1
2const

2 2
(7)

where Pconst, is the constant amount of active power, t is the time
duration for the fast power reserve, ωro is the initial rotational speed,
and ωrt is the rotational speed at the end of inertial response. Thus, the
reference rotational speed can be obtained by:

ωr ref ωrt ωro Pconst
J

t, = = − 22
(8)

Fig. 7. Inertia emulation for variable speed wind turbines [30]. 0.4
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Fig. 9. Supplementary control loops for inertia response [35].
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Different works in literature have discussed the principle operation
of the fast power reserve. References [38,39] discussed the capability of
variable speed wind turbines to provide short term overproduction
power for different wind speeds. In fact, these two papers did not
provide any controller design for fast power reserve. However, [30]
proposed a fast power reserve controller system for a wind turbine, as
shown in Fig. 10. The amount of constant power and the time duration
determines the rotor speed in accordance with Eq. (8).

Ref. [40] proposed an architecture for a fast power reserve
controller, as shown in Fig. 11. This figure contains a detecting and
triggering scheme, power shaping, and an MPPT controller.

The operation of the fast power reserve controller begins once the
frequency deviation exceeds a certain threshold; a control signal is sent
from the detecting and triggering scheme to bypass the maximum
power point tracking and enables power shaping, as shown in Fig. 12.
This scheme continues providing extra power during overproduction.
However, when the kinetic energy discharge is complete, the speed
recovery function brings the rotor speed back to its pre-event value,
and restores the maximum power. This restoration often leads to the
under-production phase, in which power is withdrawn from the grid to
return the rotor speed to its desired value. To avoid an immediate drop
in the output power, the transition from overproduction to under-
production should follow a sloped transition.

Different strategies for fast power reserve for wind farms were
proposed in [41]. The author discussed the operation of a centralized
controller, which is responsible for frequency regulation. This central
controller has two main tasks, the first task being to determine the
amount of additional power for each wind turbine, while the second
task is to determine the appropriate time to recover kinetic energy after
over production is finished.

3.1.2. Droop control
The droop control scheme shown in Fig. 13 regulate the active

power output from a wind turbine proportional to frequency change.
This controller greatly improves the frequency nadir as well as the
frequency recovery process following disturbances. The active power is
adjusted according to linear characteristics, and is given by [42–44].

ΔP P Po
f f

R
= 1 − = −

−meas nom
(9)

where R is the droop constant, fmeas and P1 are the new frequency and
wind turbine output power, respectively, while fnom and Po are the
initial operating points.

The linear relation between frequency and the active power of the
wind turbine is illustrated in Fig. 14. When the frequency falls from
fnom to fmeas, the wind turbine increases the output of power from Po
to P1 to compensate for frequency deviations [45].

3.1.3. Deloading control
From an economic point of view, wind turbines are designed to

operate on an optimum power extraction curve. As a result, they do not
participate in frequency regulation. For this reason, sufficient reserve
capacity must be available in the system to address any frequency
deviation. Deloading is a new technique to ensure a reserve margin by
shifting the wind turbine's operating point from its optimal power
extraction curve to a reduced power level. Based on the wind turbine's
aerodynamic behaviour, the mechanical output power captured by the
wind turbine will be:

P ρACp λ β v= 1
2

( , )m
3

(10)

where ρ is the air density, A is the rotor sweep area, v is the wind speed,
Cp is the power coefficient, β is the pitch angle, and λ is the tip speed
ratio, which is given by:

λ ω R
v

= r
(11)

From Eq. (10), it is clear that the output power of the wind turbine
is dependent on the tip speed ratio λ and pitch angle β. In general, the
deloading technique has two types of control system; speed control and
pitch angle control.

PI
∆ωr

+
-

Pmeas ωro ConverterPref
Equation 8
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Fig. 10. Fast power reserve controller for a wind turbine [30].

Fig. 11. Block diagram of fast power reserve controller.
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3.1.3.1. Deloading by speed control. Speed control is suggested to
change the value of the tip speed ratio λ by shifting the operating point
towards the left or the right of the maximum power point, as shown in
Fig. 15 (a). This figure illustrates the deloading function of a 1.5 MW
DFIG-based wind turbine by (1-x) of the maximum power under
definite wind velocity (VW). The wind turbine running at point A can
be deloaded by the under-speed or over-speed control. For the under-
speed control, the operating point of the wind turbine moves towards
point C, while for the over-speed control, the operating point of the
wind turbine moves towards point B, which is preferable.

Referring to Fig. 15(b), when the system frequency drops, the wind
turbine releases a definite amount of active power proportional to
frequency deviation. Then, the operating point will be located between
A and B with Pref, given by:

⎡
⎣⎢

⎤
⎦⎥P P P P ωr ω

ωr ωr
= + ( − ) × −

−ref del del
del r

del
max

max (12)

where Pmax is the maximum power (pu), Pdel is the deloaded power
(pu), ωr max is the rotor speed at maximum power, ωrdel is the rotor
speed at de-loaded power, ωr is the rotor speed corresponding to
reference power. Generally, deloading using over-speed control is
preferably used at medium wind speeds.

3.1.3.2. Deloading by pitch angle control. Pitch angle is the second
controller used to deload the wind turbine by increasing the blade's
angle. It is preferred that this controller is activated when the wind
turbine generator arrives at the rated speed and when the over-speed
controller fails to perform this operation.

Fig. 16 shows the power-rotor speed curve for a DFIG wind turbine

under different pitch angles. This figure illustrates the deloading
technique for a wind turbine running at point A; in this case, the
controller fails to increase the rotation speed over the rated speed.
Then, the pitch angle controller begins to increase the angle of the wind
turbine blades and shifts the operating point from point A to point B
without any change in the rotor's speed.

Generally, several different works in the literature have dealt with
the deloading technique, as it is used with a variable speed wind
turbine, as per [47]. The deloading technique supports primary
frequency control under two operating conditions, as shown in
Fig. 17. In normal conditions, the variable speed wind turbine works
at the optimal power curve, extracting the operating point from the
look-up table. However, when the deloading switch is turned on, the
deloading mode will be activated. In this case, the speed and pitch
angle controllers will cooperate to allow the wind turbine to reserve
some power under different modes. Eq. (12) determines the reference
power for speed and pitch control to provide a 10% reserve power. To
release the active power stored in the rotating mass due to deloading
control, droop control is also presented in this work. The amount of
releasing power is proportional to frequency deviations, and is limited
to 10% of wind turbine rated power.

[48] presents the inertia response and primary frequency for DFIG-
based wind turbines. The inertia controller is emulated to release the
kinetic energy stored in the wind turbine rotating blades for a few
seconds. It is proposed that a deloading strategy with 90% sub-optimal
power functions as the primary frequency control. This strategy, based
on cooperation between the speed and pitch controllers, provides the
wind turbine with relatively long-term reserve power. Fig. 18 shows the
deloading technique used with a wind turbine in three operating
modes. In the first operating mode, the over-speed control is used to
deload the wind turbine. For example, the deloading of the wind
turbine running at point F by 90% sup-optimal power was done by
increasing the generator rotor speed towards point C. In the second
operating mode, the over-speed and pitch angle controller were
combined to achieve a certain sup-optimal power. For example, to
deload the wind turbine running on point B with 90% sup-optimal
power, the over-speed controller needs to shift the operating point
towards point D. However, the over-speed controller increased the
speed until the wind turbine arrives at point G. After that, the over-
speed controller will not be able to increase the rotation speed any
longer. As a result of this, the pitch angle controller increases the blade
pitch angle, which shifts the operating point towards point A. In the
third region, the pitch controller is used by itself to achieve the target
deloading value.

The cooperation between pitch angle and speed controller for a

Fig. 15. (a) MPPT and deloaded power curves of wind turbine [46]. (b) Calculation of
power reference for 6% deloaded operation [46].

Fig. 16. Power rotor-speed curves for different values of pitch angle for a 1.5 MW wind
turbine (wind speed: 10 m/s) [46,18][18,46].
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variable speed wind turbine is also presented in [18]. This paper
proposed three operating modes depending on the range of wind speed.
The author proposed a decision algorithm to manage the cooperation
between pitch angle and the over-speed controller. This algorithm
determines the power set value for the pitch angle controller and the
power margin for the over-speed controller.

Another study [50] used cooperation between pitch angle and over-
speed controller to allow the wind turbine to participate in frequency
regulation. However, this time, the controllers made their decision
based on reserve power value depending on the network operator
request. In [51], the same frequency regulation controllers used for the
DFIG wind turbine were redesigned and implemented in the PMSG to
enable this type of wind turbine to contribute to primary frequency
control.

In [52,53], the pitch and over-speed controllers, coordinated with
droop control, were proposed. These controllers were activated based
on wind speed ranges to enable the DFIG-based wind turbine to
contribute in frequency regulation. Moreover, the over-speed control
strategy using wind speed measure to determine the sub-optimal power
based on the deloading tracking curve is saved into the look up table.

3.2. Solar photovoltaic array contributions in frequency regulation

Recently, the penetration of solar photovoltaic PV into distribution
networks has significantly increased. As a result of this, reserve power
from the remaining conventional source unit is insufficient to regulate

system frequency under island conditions. Moreover, due to the high
cost of solar photovoltaic systems, different MPPT techniques have
been introduced to extract the maximum power from this source [54–
56]. However, the use of MPPT techniques enable the solar photo-
voltaic PV to operate without any reserve power. For these reasons,
different modifications have been made to the design of controllers
used with a PV converter to allow them to effectively participate in
frequency regulation.

According to [57], smart photovoltaic inverters do not have the full
commercial control capability to change the output power from PV
systems, even if they have the ability to provide frequency down-
regulation by curtailing power. Moreover, research related to this type
of control is still in its early stages, and mainly rely on two types of
controller. The first type uses solar photovoltaic PV supported by ESS
to regulate frequency; this type will be discussed in Section IV (B.),
while the second type proposes the deloading technique for solar
photovoltaic PV without ESS, as presented in [58–60]. These papers
present a comprehensive control scheme, which allows the photovoltaic
system to regulate frequency. Fig. 19 shows the deloading technique,
which is achieved by increasing the PV voltage beyond the MPP
voltage. This is achieved by increasing the value from VMPP by voltage
Vdeload, which allows the PV array to maintain some reserve power.
This reserve power will not be released until the system frequency
deviates. Under these conditions, a control signal proportional to
frequency deviation VdcΔf is added to the dc reference voltage.

It is clearly shown in Fig. 19 that the change in output power from
the PV will not only depend on the VMPP value, but also depends on
the frequency deviation, as given by Eq. (13).

Vdcref V V V= + −MPP deload dcΔf (13)

The operation of the deloaded controller is illustrated in Fig. 20,
where PV is working at point 3 to maintain some reserve power. This
situation continues until the system frequency begins to decline, at
which point, a control signal related to frequency deviation will reduce
the PV voltage, and make the PV work at point 2.

Fig. 17. Primary frequency regulation for a DFIG-based wind turbine with de-loading control [47].

Fig. 18. 90% sub-optimal operation curve with the rotor speed limitation [48,49].

Fig. 19. Controller for de-loaded solar PV [60].
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In fact, the controller discussed in Fig. 19 has a big problem in that
it does not take into consideration the remaining reserve power for
each PV unit. For this reason, all PV units will release same amounts of
active power needed for frequency regulation, even of the reserve
power of each unit will not be equal. As a result of this, some PV units
with less reserves will reach the MPP faster and will not be able to
contribute any further to frequency regulation. This will lead to the
non-uniform distribution of frequency regulation. Ref. [61] proposed a
new modification to the previous controller by adding a new control
signal representing the remaining reserve power ΔVreserve, as shown
in Fig. 21. The reference voltage of the new controller is given by Eq.
(14), which clearly shows that the output power released from the PV
units is not equal, and depends on the reserve power available for each
one.

Vdcref V V V Δf ΔVreserve K= ( + − ) − ( × × )MPP deload dcΔf P2 (14)

Another technique proposed in [62] enables a solar PV plant to
regulate frequency. Two algorithms were implemented; the first was
the traditional MPPT controller, which is responsible for operating the
PV plant on MPP during normal operations. For transient conditions, a
control signal would activate the deloading algorithm, which uses a
modified fractional open circuit voltage. This modification proposed
the usage of the ratio K as a controlled variable, which determines the
amount of reserve power for PV plants limited to the range (0.8–0.95).
The main finding of this paper shows that a PV generator has the ability
to regulate the frequency and follow load changes. In addition, [63]
discussed a control scheme designed for a PV panel to regulate the
frequency of an islanded micro-grid. The main objective of this paper
was to use a tracking algorithm to follow a command signal, which
changes according to the frequency deviation of the micro-grid.
Following this, the control system continues until the controller
reaches the PMPP, after which the PV panel stays running on the
PMPP.

Generally, all control techniques discussed in this paper were
designed to provide the solar PV system with reliable control to
regulate the frequency in grid connected or off-grid mode. These
techniques were mainly based on the MPPT controller running the

PV array in the deloading mode. In contrast, [64] proposed a frequency
regulator consisting of an adaptive frequency scheme using nonlinear
control to calculate the active power signal P*, depending on the
frequency deviation, as shown in Fig. 22. This signal is needed to
update the reference power Pref used by the power controller to
determine the output power of the solar PV by regulating the duty cycle
(D) of the power converter.

4. Control techniques designed for RESs supported by
energy storage systems

According to previous sections, different control techniques have
been proposed to provide RESs with the ability to regulate system
frequency during disturbances. However, these techniques have some
issues in terms of reliability, as the nature of the RESs depends on
variable factors. Therefore, ESSs are needed to work with variable
speed wind turbines or solar photovoltaic PVs to increase the reliability
of frequency regulation.

4.1. Control techniques used for wind turbines supported by ESSs

In [65], cooperation between frequency control techniques and ESS
was proposed for the DFIG wind turbine. This cooperation helps
overcome problems of frequency control techniques, such as frequency
oscillation and the second frequency drop. In fact, the ESS has two
main functions in supporting frequency regulation in all wind speed
ranges. In the first function, the ESS provides the active power required
for speed recovery to prevent the second frequency drop; while in the
second, the ESS is regarded as a backup system for the provision of
power during deficits.

In [66], primary frequency control was used in wind power plants
to maintain a certain level of power reserve. The wind power plant is
supported by flywheel storage to fulfil the power reserve requirements
set by the network operator. In steady state conditions, a central
controller distributes the power reserve requirement between the wind
turbines and the flywheel storage system, as shown in Fig. 23. The
power reserve margin x (in pu) is determined depending on the wind
speed range, and is given by:

Fig. 20. Solar PV with de-loading technique [61].

Fig. 21. Improved controller for de-loaded PV which considers the amount of available
reserve [61].
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Fig. 22. Solar PV frequency regulator.
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Fig. 23. Schematic diagram of frequency regulation of wind turbine and flywheel.
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where Popt is the maximum power extracted from the wind turbine
and Pdel is the wind turbine power under deloading conditions.

In [67], a virtual inertia technique was proposed for the DFIG wind
turbine to provide short-term frequency regulation. Since this techni-
que focuses on short-term oscillation, there is no need for long power
regulation. For this reason, a super-capacitor is connected to the DC-
link of the DFIG wind turbine inverter via a DC-DC converter. A
comparison study done in this work showed that using the DFIG
rotating mass or super-capacitor as the virtual inertia source improves
system stability. However, each type has different impacts. Although
the rotating mass virtual inertia does not require additional compo-
nents, its performance is highly dependent on fluctuated wind speed.
On the other hand, super-capacitor virtual inertia, which can enhance
system stability and is independent of wind speed, require new
components.

4.2. Control techniques used for a solar PV plant supported by an ESS

In [68], the power modulation technique used for PV generation
output was described as using a double layer super-capacitor in the
manner shown in Fig. 24. This figure shows a PV generation system,
consisting of a PV array, an inverter, and a super-capacitor. The array
generates dc power PS. After that, the inverter converts the dc power to
ac power P, and transmits this power to the utility via a service line.
The super-capacitor is used to absorb the difference PC between PS and
P.

The proposed frequency controller is shown in Fig. 25. This figure
shows that if the frequency deviation is smaller than 0.1 Hz, then the
output Pf is given by G (fref−f). However, it is limited to within ±
Pmod, which is considered 3% of the generation capacity.

A frequency and voltage regulation technique using PV systems and
Li-ion batteries coupled to the grid was presented in [69]. This
technique allows effective control over the active and reactive power
available from the system. This work proposes that the system be
allowed to participate in frequency regulation. Down-regulation is
where the storage battery absorbs the output power from the PV
system and excess power from the grid, while Up-regulation is where
the PV/battery system injects active power into the grid. A proposed
system, comprising of a 2 kW PV array, 2.64 kW h batteries with bi-
directional dc-dc converter, and a three phase inverter and the grid,
was modelled and simulated in MATLAB. According to this paper, the
PV plant can respond quickly and participate in frequency regulation.

In [70], the Frequency regulation using a PV plant supported by an
ESS was presented. This paper proposed a comprehensive control
system using P-Q based droop control. This control system automati-
cally regulates the active and reactive power, where the demand power
exceeds that generated by PV arrays. However, when the power
demanded by the grid is less than the PV array, the inverter control
switches to regulate the frequency and voltage based on active and
reactive set points. The proposed controller take the decision of
frequency regulation based on the output power from PV system and
battery state of charge (SOC).

Another research using the same principles of P-Q control for a
Microgrid with PV generator and battery storage was presented in [71].
This paper proposed the smooth transition of the PV from P-Q control
in the grid connected mode to V-f control in the islanded mode. The
proposed transition of solar PV to V-f control demonstrated a very
satisfactory performance in restoring voltage and frequency back to
nominal values in a matter of only 2 s. The control strategies presented
in this paper involve operating the PV generator on MPP supported by
battery storage. This battery storage injects and absorb deficit or
surplus power using the charge/discharge cycle of the battery.

5. Inertia and frequency regulation controllers based on soft
computing approaches

In the near future, the complexity/nonlinearity of the power
systems will increase due to continuous integration of RESs. For this
reason, the classical controller such as proportional-integral (PI)
controller will not be suitable for a wide range operation. Therefore,
a robust control scheme that use optimal/intelligent techniques are
required. Authors in [72] proposes an inertia and frequency regulation
controller based on the fuzzy logic control for DFIG wind turbine. As
shown in Fig. 26, the fuzzy controller continuously tunes the values of
k1, k2, kf based on frequency deviation Δf and wind power deviation
ΔPw. The simulation study shows the importance of the proposed fuzzy
controller in making the power system respond dynamically to load
changes.

Another research using the same principles of tuning the classical
PI controller by soft computing technique was presented in [73]. This
paper uses the PSO technique to improve the membership functions of
the fuzzy controller, which is used to tune the PI controller constants,
as shown in Fig. 27.

A comparison study done in [73] between the classical PI controller,
fuzzy tuning approach and PSO-based fuzzy tuning approach shows the
robustness of proposed PSO-based fuzzy tuning approach over the
other two methods. Another comparison study was done in [74]
between classical PID controller and adaptive neural network (ANN)
controller to regulate the frequency of isolated network, where this
network contains wind and diesel generators without ESS. The
simulation study shows the advantages of the proposed ANN in terms
of overshoot frequency, undershoot frequency, and settling time.

As discussed in Section 3.1.3, frequency regulation control pro-
posed for the wind turbine is realized using the deloading technique.
This technique is used to keep a fixed amount of reserve power to
compensate the power shortages. However, keeping a fixed value of
reserve power will reduce the annual capacity factor (CF) of wind
farms, since the output power from this source is not constant. For this
reason, authors in [75] recommend the usage of online deloading
technique based on fuzzy logic controller to adjust the deloading factor
continuously based on frequency deviation. Furthermore, [76] propose
a frequency regulation control for PV generator based on fuzzy logic
controller. This controller use frequency deviation and solar radiation
as inputs to determine the reference power injected by the PV inverter
as shown in Fig. 28. The simulation study proved the effectiveness of
proposed method for regulating frequency.

Inverter PV array

Ps

PcC

P
Grid

Fig. 24. PV and super-capacitor used in frequency regulation.
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Fig. 25. Frequency controller using limiter block [68].
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6. Discussion

This paper discusses several proposed inertia and frequency control
techniques for wind turbine and solar PV. Some researchers propose
the use of frequency regulation controller without support from ESS,
where they succeed in regulating the frequency during supply
shortages. On the other hand, other researchers propose an ESS
support for frequency regulation over a wide operational range [77].
Due to intermittent RESs and fluctuate power output, it is necessary to
use the ESS to raise the reliability of the control system, even if it

increase the total cost of power system. Generally, selecting the best
frequency regulation technique, whether supported by ESS or not,
should depend on the power system requirements. In other words, a
balance between the need for reliability and cost of controller technique
must be adopted as a basis for selection. The overall advantages and
disadvantages of each technique are summarized in the following table.
(Table 1).

Integrating a high number of RESs into power systems introduces
critical frequency stability issues. For this reason, an inertia and
frequency controllers is required to allow the RESs to participate in
frequency regulation. However, to simplify the integration of RESs into
power systems, some important recommendations should be clearly
defined.

A) Define a new grid code and standards: Additional studies should be
done to define a new grid code and standards to be suitable for
contribution of large-scale RESs. The new grid code should
consider the requirements of frequency regulation of RESs.

B) Revising the existing reserve policy: Further studies and economic
analysis are needed to determine the proper reserve margin, where
the identification of this margin should consider the balance
between cost and technical performance.

C) Developing new storage technologies used for frequency regulation:
with the increase in the number of RESs connected into grid, the
necessity for ESS has been increased. For this reason, additional

Fig. 26. DFIG wind turbine frequency regulation using fuzzy tuning-based PI controller [72].

Fig. 27. DFIG wind turbine frequency regulation based on PSO and fuzzy controller
[73].

Fig. 28. Fuzzy-based frequency regulation control for PV diesel system [76].
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study should be done to find cheap and effective storage systems
such as hydro pumping storage, superconducting magnetic energy
storage, and electrical vehicle storage [78].

7. Conclusions and future research

In the near future, power systems networks will experience a
significant increase in the penetration level of RESs. For example, by
2020, renewable capacity will be enough to supply an estimated 26% of
global electricity needs [79]. However, integrating more RESs into
power systems will reduce the number of conventional generation units
that provide primary frequency control and inertia response. For
example, the inertia response of NORDIC power system will be reduced
by 35% between 2010 and 2020 [80]. For this reason, a new control
scheme must be integrated with RESs to provide inertia and primary
frequency control. This paper reviewed several inertia and frequency
regulation controllers for wind turbine and solar photovoltaic plants
with and without ESS. Whether supported by ESS or not, the inertia
and frequency regulation controller discussed in this work is suitable
for the present penetration level of RESs. However, for future power
system with high penetration level of RESs, further studies must be
conducted to develop an effective, intelligent, and robust primary
frequency regulation schemes. A coordination between the primary
frequency control and frequency protection controller, such as load
shedding controller, will be required. Furthermore, advanced comput-
ing methods and fast communication technologies will be needed to
realize the adaptive frequency control scheme.
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