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Abstract—Droop control, inertia control, and PD control are
three typical frequency response (FR) strategies of grid-tied
inverters interfaced renewable energy sources (RES) to restrain
the power system frequency indicators, i.e., frequency deviation
(∆ω) and the rate of change of frequency (RoCoF). Due to the
highly limited inverter capacity, the FR performance in power
systems with high RES penetration should be optimized. To this
end, this paper first analyzes the impact of high-penetration
renewable energy injection on power system frequency stability,
and derives the system frequency expressions in the absence of
an FR scheme, and in the presence of droop/inertia/PD controls
that are representative for various virtual synchronous generator-
based FR schemes. Under the same constraint of available FR
capacity, control parameter ranges of these FR schemes are
obtained, and their optimal conditions for restraining the maxima
of ∆ω and RoCoF are identified and compared analytically.
Comparison conclusions are finally proved by the provided
experiment and simulation results.

Index Terms—Frequency response (FR), frequency deviation,
rate of change of frequency (RoCoF), renewable energy sources
(RES), grid-tied inverter, limited inverter capacity.

I. INTRODUCTION

TO tackle the environmental problems caused by the use
of traditional fossil energy, there has been a drastically

emerging trend across the globe to adopt renewable, clean
energy generation technologies, encompassing wind, solar, and
heat, etc. As the proportion of renewable energy sources (RES)
within the power system continues to increase, the system
operation has observed notable changes [1]. The volatility
and intermittency of RES have caused the power system
uncertainty on both source- and load-sides; at the same time,
the large-scale replacement of synchronous generator (SG)
interfaced traditional power plants by grid-tied inverter inter-
faced RES has led to reduced system equivalent inertia and
weakened damping ability [2], impairing the system frequency
response (FR) ability and inducing huge challenges to the
power system frequency stability [3].

When a power system with high penetration of RES is
subjected to random disturbances, its frequency deviation
(∆ω) and rate of change of frequency (RoCoF) are prone to
large fluctuations, which can cause a variety of consequences
to the power system. To avoid this, the grid code in many
countries limits the grid ∆ω and RoCoF by adopting relays:
once an indicator, ∆ω or RoCoF, exceeds its threshold for a
certain time, its related load shedding or generator disconnec-
tion relays will be triggered. As illustrative examples, China,

Ireland, Australia, and the UK accept the frequency nadir
above 49.0 Hz, 47.5 Hz, 47.5 Hz, and 49.5 Hz, respectively.
Typical RoCoF relays in 50 Hz systems are set between 0.1
and 1.0 Hz/s [4].

An SG with large inertia has notable FR ability, viz., it
can autonomously adjust the output power based on system
frequency dynamics and hinder the frequency change [4].
Therefore, the high-inertia power system with SGs as its major
constitution has a more robust frequency, and its ∆ω and
RoCoF easily satisfy the grid code requirements. Conversely,
when disturbed, the low-inertia power system with a high
proportion of RES is prone to significant ∆ω and RoCoF,
which must be reduced to avoid triggering frequency-related
relays. In the latter case, the grid-tied inverters are required to
provide additional FR function analogous to the SGs [5], by
use of various FR strategies.

Existing FR strategies mainly encompass the virtual iner-
tia control [6], the PD control [7], the virtual synchronous
machine [8], the synchronverter [9], the synchronous power
control [10], the generalized droop control [11], etc. In [12],
an improved inverter droop control strategy is proposed to
achieve frequency stability of the microgrid. In [13], the VSG
control is coordinated with the motor speed control, such that
the grid frequency demand is quickly responded to by the
kinetic energy stored in the rotating motor load, in the absence
of the energy storage equipment. However, designing param-
eters used by these methods requires insights into the grid
inertia/damping parameters and random disturbances that are
difficult to predict in advance. To solve this issue, [3] proposed
a more practical frequency trajectory based strategy to improve
the frequency stability of standalone power systems; by using
this strategy, the inverter can provide only the lacking inertia
and damping to the system. These frameworks generally
enable inverters to provide the FR power proportional to
∆ω and/or RoCoF, which can be viewed equivalent to the
classic and widely used droop, inertia, or PD control. As an
example, the equivalence of the frequency droop control and
VSG control under certain conditions is demonstrated in [14].
Accordingly, increasing the controller gain ideally indicates
more FR power and a further reduction in ∆ω and RoCoF.
However, for a grid-tied inverter, the majority of its designed
capacity has been allocated to and used for its core function,
i.e., transmitting desired power to the grid. As a result, the
available capacity for FR service is extremely limited, and
increasing controller gains easily leads to an overcurrent fault.
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Fig. 1. Schematic diagram of a power system with renewable energy injection.

Overall, it is of paramount importance to identify the most
efficient FR strategy in terms of ∆ω and RoCoF suppression,
under the same constraint of insufficient available capacity of
the inverter. This is done in this work by comparing the typical
FR schemes, and the conclusions can throw light on efficient
FR scheme selection in a particular scenario.

II. FR FEATURES OF POWER SYSTEMS WITH RESS

With the aim of interpreting the influence of RES proportion
on system frequency features, this manuscript first establishes
the FR models of power systems with RES integration.

A. Power Systems with RES Integration

As shown in Fig. 1, RES, including wind turbines, photo-
voltaics, wave energy, etc., are generally connected to power
systems comprising conventional energy sources (e.g., thermal,
hydraulic, and nuclear powers) through grid-tied inverters.
Accordingly, these power systems encompass inverters and
synchronous machines as their main equipment.

To analyze the impact of RES based generations on the
operating features of power system, the penetration level of
the RES, σ, is defined as the ratio of the total RES generation
power PR to the total load power PL, i.e., σ = PR/PL.

In the steady state, the power system maintains a power
balance between supply and demand, yielding

PG0 + PR0 = PL0 (1)

where PG0, PR0, and PL0 are the traditional energy power, the
RES power and the load power in the steady state, respectively.

When a grid disturbance (e.g., a sudden load power increase
of ∆PL) occurs, the power balance condition given by (1) is
no longer valid. The grid frequency will change accordingly,
and components in the grid will react to the frequency change
at the same time. The grid frequency variation features driven
by unbalanced active power are usually denoted as FR char-
acteristics of the power system.

The FR process of power grid generally involves three
stages, [15], [16], as shown in Fig. 2. Specifically,

1) Stage I: inertia response is the natural responding mech-
anism of SGs that requires no human interaction, and provides
the short-term impulsive power support with a typical action
time within 5 seconds after the disturbance. It automatically
functions on the system frequency change, and the pertinent
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Fig. 2. FR process of a power system.

output power is proportional to the RoCoF index. The larger
the equivalent inertia of the system, the slower the system
frequency change, and the smaller the RoCoF index.

Since Stage I is critical for frequency indicators, the grid
FR control is possibly needed during this stage to limit the
∆ω and RoCoF and prevent the frequency-based relays from
being triggered.

2) The grid will enter Stage II: primary frequency regulation
when the frequency deviation exceeds a specified threshold,
and after the power plants start the frequency regulation func-
tion (usually 5–15 s depending on the mechanical process).
The generators automatically adjust their valves to reduce
the grid imbalance power, thereby suppressing the frequency
deviation. This stage has a common duration of 5–30 s. How-
ever, Stage II is an error-tolerate control, namely, the resulting
steady-state frequency still exhibits a certain deviation that
occasionally fails to satisfy the frequency quality requirements.

3) Stage III: secondary frequency regulation will be started
by partial power plants, with the aim of balancing the genera-
tion and load power of the system and resuming the nominal
frequency. As a rule of thumb, this process starts several
minutes after the disturbance.

B. FR Process Modeling of Power System
To analyze grid FR characteristics, frequency ω, and its

influential factors in the initial stage, the dynamic response
of ω is modeled first.

For ease of analysis, a power system is usually represented
by an equivalent power generation unit connected to an
equivalent load, whose power equals the total load power, PL.
The inertia of the equivalent power grid is synthesized as [17]

H =

∑
HiPi∑
PLi

=

∑
HiPi

PL
(2)

where Pi and Hi are the generated power and inertia coeffi-
cient of the i-th power generation unit, respectively, and PLi
is the power consumption of the i-th load.

1) Case A (σ = 0 or σ = 1): When σ = 0, namely, PR = 0,
the power system contains null RES, and the load power is
fully provided by traditional SGs, yielding

PL =
∑

PLi =
∑

Pi =
∑

PGi = PG (3)

where PGi and PG are the generated powers of the i-th SG
and the aggregated equivalent generator, respectively.

According to (2) and (3), the equivalent inertia of the power
grid in the absence of RES integration is

H0 =

∑
HGiPGi

PL
(4)
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where HGi is the inertia coefficient of the i-th SG.
Analogously, if the power system is formed of RES, i.e.,

σ = 1 and PG = 0, its equivalent inertia writes

HR =

∑
HRiPRi

PL
(5)

where PRi and HRi are the generated power and inertia
coefficient of the i-th RES generator, respectively.

Compared to the SG inertia provided by the main shaft
of steam/hydraulic turbine, the RES inertia that mainly roots
from the rotor of wind turbine and the DC-link capacitance of
inverter is negligible [18]. Namely, HRi ≈ 0.

2) Case B (0 < σ < 1): In this case, PR 6= 0, and the
power system involves a certain proportion of RES, as shown
in Fig. 1. It is ∑

PRi = PR = σPL (6)∑
PGi = PG = (1− σ)PL (7)

By substituting (6) and (7) into (4) and (5), the equivalent
inertia of the power grid can be expressed as

H =

∑
HiPi∑
PLi

=

∑
HRiPRi +

∑
HGiPGi

PL

= (1− σ)H0 + σHR ≈ (1− σ)H0

(8)

Similarly, damping coefficients of SGs and frequency in-
teractive loads can be joined into an equivalent coefficient D,
i.e., the system damping power can be modeled as D(ωN−ω).

Hence, by assuming the damping coefficient of the power
system without RES to be D0, the equivalent damping param-
eter of the RES-integrated grid can be approximated as

D ≈ D0 (1− σ) (9)

Let us consider a disturbance of sudden load change by
∆PL. As previously discussed, the speed governors and prime
movers of traditional generations with sufficient FR capacity
cannot be timely enabled during Stage I (in seconds), and are
hence neglected in this initial stage. Accordingly, the dynamic
frequency equation of the system can be written as

2H
dω
dt

= PR0 +PFR +PG0 +D(ωN−ω)−(PL0 + ∆PL) (10)

where PFR is the FR power output by RES according to the
grid frequency deviation (∆ω) and RoCoF indicators.

By considering (1), (10) can be simplified to

2H
dω
dt

= PFR +D(ωN − ω)−∆PL (11)

C. Effect of RES Penetration Level on Grid FR Features

RES usually operate in the constant power mode and do not
respond to grid frequency changes, i.e., PFR = 0. In this case,
by substituting (8) and (9) into (11), the dynamic equation of
power system frequency with RES penetration level of σ can
be obtained, yielding

2 (1− σ)H0
dωNO

dt
= (1− σ)D0 (ωN − ωNO)−∆PL (12)

Solution to (12) yields

ωNO = ωN −
∆PL

(1− σ)D0

(
1− e−

D0
2H0

t
)

(13)

From (13), ∆ω and RoCoF of the grid, in the absence of
the FR service provided by RES, can be derived as

∆ωNO = ωN − ωNO =
∆PL

(1− σ)D0

(
1− e−

D0
2H0

t
)

(14)

RNO =

∣∣∣∣dωNO

dt

∣∣∣∣ =
∆PL

2 (1− σ)H0
e−

D0
2H0

t (15)

It is apparent that the disturbance ∆PL leads to inevitable
changes in the system frequency ω, and further induces issues
of frequency deviation and RoCoF. According to (14) and (15),
the maxima of ∆ω and RoCoF can be derived as

∆ωNO|max = lim
t→∞

∆ωNO =
∆PL

(1− σ)D0
(16)

RNO|max = lim
t→0

RNO =
∆PL

2 (1− σ)H0
(17)

(8), (9), (16), and (17) show that: with the increase of
the RES penetration level, the equivalent inertia and damping
effects of the power grid decrease linearly. With the same
disturbance power, ∆PL, a higher penetration rate of RES (σ)
causes larger ∆ω and RoCoF values and elevated adverse im-
pact on the grid FR characteristics, which jeopardize the safety
and stability of the grid frequency. If ∆ω or RoCoF exceeds
the threshold, load shedding or generator disconnection relays
will be triggered [19]. Hence, grid-tied inverters of RES cannot
maintain the constant power mode, yet must respond to grid
frequency changes and provide FR services as necessary.

III. TYPICAL FR SCHEMES AND COMPARISON

With existing FR schemes, the energy from DC capacitors of
inverters [20], rotors of wind turbines [21], RES with operating
reserves [22], and RES with energy storage devices [23]
including batteries, supercapacitors, etc, are fully exploited to
provide the necessary FR service when the power grid suffers
from large disturbances. The FR energy needs to be sent to
the grid through the interfacing inverters of RES and the FR
power PFR is generally proportional to ∆ω and/or RoCoF.

Therefore, the existing FR schemes can be simplified to the
classic droop, inertia, and PD controls. When these control
schemes are adopted (see Fig. 3 for a typical control diagram),
the pertinent FR powers are denoted as PD, PI, and Ppd,
respectively, and can be calculated as

PD = KD (ωN − ωD)

PI = sKI (ωN − ωI)

Ppd = (Kp + sKd) (ωN − ωpd)

(18)

where, KD and KI are controller gains of droop control and
inertia control, respectively. Kp and Kd are controller gains of
PD control, respectively.

Here, particular emphasis is placed on the limitation of
inverter power, viz., the provided FR power must not exceed
the inverter idle capacity Pm (0 ≤ PFR ≤ Pm). It is also
assumed Pm < ∆PL hereinafter and the power disturbance
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Fig. 3. Control diagram of FR with various FR schemes.

will be thoroughly compensated by the SG based power plants
in the following Stage II and Stage III (see Fig. 2).

By substituting (18) into (11) to replace PFR, the system
frequency under the three FR strategies can be obtained as

ωD = ωN −
∆PL

D +KD

(
1− e−

D+KD
2H t

)
ωI = ωN −

∆PL

D

(
1− e−

D
2H+KI

t
)

ωpd = ωN −
∆PL

Kp +D

(
1− e−

Kp+D

2H+Kd
t

) (19)

The pertinent grid ∆ω and RoCoF maxima are

∆ωD|max = lim
t→∞

∆ωD =
∆PL

D +KD
< ∆ωNO|max

∆ωI|max = lim
t→∞

∆ωI =
∆PL

D
= ∆ωNO|max

∆ωpd|max
= lim

t→∞
∆ωpd =

∆PL

Kp +D
< ∆ωNO|max

(20)



RD|max = lim
t→0

∣∣∣∣dωD

dt

∣∣∣∣ =
∆PL

2H
= RNO|max

RI|max = lim
t→0

∣∣∣∣dωI

dt

∣∣∣∣ =
∆PL

2H +KI
< RNO|max

Rpd|max
= lim

t→0

∣∣∣∣dωpd

dt

∣∣∣∣ =
∆PL

2H +Kd
< RNO|max

(21)

Comparing i) (16) and (20), and ii) (17) and (21), it is seen
that: in the presence of the same disturbance ∆PL, a) the droop
control equivalently increases the system damping coefficient
from D to D+KD, hence reduces ∆ω; b) the inertia control
effectively increases the system inertia coefficient from 2H to
2H +KI, hence reduces RoCoF; c) the PD control increases
the system damping ability and inertia effect simultaneously,
and reduces both ∆ω and RoCoF. Besides, large controller
gains contribute to a further reduction in ∆ω and RoCoF.

By substituting (19) into (18), PFR with the three FR
strategies are obtained. For the PD control, it is

Ppd =
Kp∆PL

Kp +D
+

(KdD − 2HKp) ∆PL

(2H +Kd) (Kp +D)
e
− Kp+D

2H+Kd
t (22)

Accordingly, its maximum level is

Ppd|max =


lim
t→0

Ppd =
Kd∆PL

2H +Kd
≤ Pm

D

2H
>
Kp

Kd

lim
t→∞

Ppd =
Kp∆PL

Kp +D
≤ Pm

D

2H
≤
Kp

Kd

(23)

The pertinent controller gains satisfy

2HKp

D
< Kd ≤

2HPm

∆PL − Pm
(24)

or
DKd

2H
≤ Kp ≤

DPm

∆PL − Pm
(25)

From (18), to maximize the provided FR power, the PD
controller gains should take the maxima of (24) and (25), viz.

Kp =
DPm

∆PL − Pm

Kd =
2HPm

∆PL − Pm

(26)

Likewise, FR powers and their maxima provided by the
other FR strategies yieldPD|max = KD lim

t→∞
∆ωD ≤ Pm

PI|max = KI lim
t→0

s∆ωI ≤ Pm
(27)

Their controller parameters should take

KD =
DPm

∆PL − Pm
(28)

KI =
2HPm

∆PL − Pm
(29)

Substituting (26), (28), and (29) into (19), the grid ∆ω and
RoCoF maxima are obtained for different FR schemes of the
inverter, as

∆ωD|max = lim
t→∞

∆ωD =
∆PL − Pm

D
< ∆ωNO|max

∆ωI|max = lim
t→∞

∆ωI =
∆PL

D
= ∆ωNO|max

∆ωpd|max
= lim

t→∞
∆ωpd =

∆PL − Pm

D
< ∆ωNO|max

(30)

RD|max = lim
t→0

∣∣∣∣dωD

dt

∣∣∣∣ =
∆PL

2H
= RNO|max

RI|max = lim
t→0

∣∣∣∣dωI

dt

∣∣∣∣ =
∆PL − Pm

2H
< RNO|max

Rpd|max
= lim

t→0

∣∣∣∣dωpd

dt

∣∣∣∣ =
∆PL − Pm

2H
< RNO|max

(31)

Since the grid imbalance power is the underlying reason
behind ∆ω and RoCoF issues, a reduction of imbalance power
improves ∆ω and RoCoF indexes. Comparing i) (30) and (20),
and ii) (31) and (21), it is seen that the droop and the inertia
controls reduce ∆ω and RoCoF to the minimum, respectively,
since the disturbance power ∆PL is compensated for to the
lowest value ∆PL − Pm, owing to the provided FR power.

In addition, the dynamics of FR power with different
schemes, which can be obtained by substituting (19), (26),
and (29) into (18), suggest that: for the droop and the inertia
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TABLE I
PARAMETERS OF TWO-CONVERTER SYSTEM.

Parameter Value Parameter Value

Rated line-to-line voltage E0 380 Vrms Disturbance power 8 kW
Rated grid frequency 50 Hz Passive filter 0.01 Ω/0.1 mH

Rated grid active power Pref 20 kW DC voltage UDC 800 V
Rated grid reactive power Qref 0 kVar Current loop Kp 0.01

Load power 35 kW Current loop Ki 2.5
Active power loop KP 7.6E-5 Voltage loop Kp 0.2

Reactive power loop KQ 3.1E-3 Voltage loop Ki 36
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Fig. 4. Configuration of the two-converter experimental system.

controls, PFR reaches Pm solely in the event of maximum grid
∆ω and RoCoF, respectively, whereas the PD control enables
the maximum PFR output in the whole interval, maintaining
the minimum possible grid imbalance power and drastically
reducing both ∆ω and RoCoF.

Note that the optimal FR behaviors [i.e., those given by
(30) and (31)] are achieved when controller parameters satisfy
(26) and (29). Due to the difficulty in determining the power
disturbance ∆PL as well as H and D parameters, the optimal
FR performance is hardly realized in the practical design.
For the PD control, the optimal FR service is provided when
Ppd is equal to the inverter idle capacity Pm. Accordingly,
this optimal FR performance can be equivalently achieved
regardless of the possibly unknown parameters (e.g., ∆PL, H ,
and D), by fully utilizing the idle capacity of the inverter, and
directly setting the inverter reference FR power to PFR = Pm
when both ∆ω and RoCoF are large.

IV. VERIFICATION IN TWO-CONVERTER SYSTEM

In this paper, hardware-in-the-loop (HIL) experiments (see
Fig. 4 for system configuration and Table I for main param-
eters) are first performed in a two-converter system to verify
the effectiveness of comparison results. A converter-dominated
system with low inertia and weak damping ability is emulated
by a droop control based converter (left part of Fig. 4). A
RES inverter with the active FR ability yet limited FR capacity
(right part of Fig. 4) is connected to the system. Specifically, its
steady-state power is 0.8 p.u., and its maximum idle capacity
for FR service is 0.2 p.u. A sudden load power increase causes
the grid frequency to drop within 0.5 s, in which interval the
speed governors and prime movers cannot be enabled (and
their models are safely discarded for the HIL emulation). The
experiment results with the three FR schemes are shown in Fig.
5. Among them, the optimal FR performances of the droop
and the inertia controls are achieved by repeated calibration
of controller parameters, whereas a constant output power of
1.0 p.u. is set for the optimal PD control.

From Fig. 5, the frequency drops rapidly in the absence of
inverter FR service, resulting in a maximum ∆ω of 0.68 Hz
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Fig. 5. Results of the two-converter system: (a) frequency and (b) RoCoF.

and a maximum RoCoF of 4.57 Hz/s. Such a critical case can
easily trigger frequency related relays. System frequency is im-
proved when the inverter FR service is provided. Specifically,
the maximum ∆ω is significantly reduced to 0.38 Hz when
the droop or the PD control is used, whereas the inertia control
fails to reduce the maximum ∆ω. The maximum RoCoF
values are notably reduced to 2.56 and 2.55 Hz/s, respectively,
when the inertia and the PD controls are used; however, the
droop control has a limited suppression effect on the maximum
RoCoF, which slightly decreased to 3.76 Hz/s.

Besides, the maximum RoCoF is smaller when the droop
control is adopted compared to the natural response without
the FR service. This can be ascribed to the real-time RoCoF
calculation process, viz., a short time duration used for discrete
differentiation lowers the calculated maximum RoCoF, whose
theoretical value (assuming t→ 0) should be larger.

V. VERIFICATION IN IEEE 4M2A SYSTEM

To better validate the comparative results in a realistic and
complex system, an IEEE 4-machine-2-area (4M2A) network
[24] (see Fig. 6) is investigated through offline simulations,
due to the limited performance of the HIL platform. Based on
the 4M2A model, the studied network replaces the traditional
plant G4 with a 100 MW inverter to emulate the RES
integration. A sudden load increase causes the frequency to
decrease, and the FR performances of the typical schemes are
compared in Fig. 7.

For natural system response without FR service from the
grid-tied inverter, the frequency drastically drops during Stage
I, due to the low inertia and damping of the system caused by
the high penetration of RES. In this case, the frequency nadir
reaches 49.37 Hz [see Fig. 7(a)], and the maximum RoCoF
reaches 0.5 Hz/s [see Fig. 7(b)]. Frequency protection relays
can be easily triggered. After Stage I, the frequency deviation
exceeds the threshold for primary frequency regulation. After
Stage II, the system frequency eventually stabilizes at 49.79
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Hz, which is still beyond the acceptable range of the steady-
state frequency quality, i.e., ±0.2 Hz.

When the FR service is provided by the inverter interfaced
RES, frequency dynamics of the system can be notably im-
proved. All the three FR strategies can effectively raise the
frequency nadir of the system; among them, the PD control
has the best performance, and increases the frequency nadir
to 49.72 Hz during the transient. At the same time, these FR
schemes also suppress the maximum level of the RoCoF. When
the PD control and the inertia control are used, the maximum
RoCoF levels of the system are substantially suppressed to
0.17 and 0.23 Hz/s, respectively, indicating a much slower
rate of system frequency drop. RoCoF suppression under the
droop control is less obvious.

Besides, when the droop control or the PD control is
adopted, the steady-state frequency is increased. Conversely,
the inertia control fails to improve the steady-state frequency,
which maintains 49.79 Hz as in the natural response case.

VI. CONCLUSION

As the penetration level of RES increases, the equivalent
inertia and damping of power system decrease drastically. This
causes negative impact on grid FR characteristics, and makes
it necessary for the inverters to provide the FR service in order
to ensure the safety and stability of the grid frequency.

In this manuscript, under the consistent constraint of the
inverter available FR capacity, the effects of different FR
strategies on the suppression of ∆ω and RoCoF are discussed.
Specifically, it is proven that the droop and the PD controls can
effectively reduce the maximum ∆ω to the same level if their
optimal conditions are satisfied, whereas the inertia control is
incapable of controlling the maximum ∆ω. The inertia control
and the PD control effectively reduce the maximum RoCoF
to the same level if both operated optimally, yet the droop
control lacks such an ability.

Besides, the practical implementations of controllers vary
for strategies. For the droop and inertia controls, it is virtually
impossible to design for optimal FR performances due to
difficulty in obtaining pertinent parameters, yet the optimal PD
control can be constantly realized by exploiting the full idle
capacity of the inverter regardless of the unknown parameters.
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