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To fully utilize the frequency regulation (FR) capability of wind turbines (WTs) and to avoid a
secondary frequency drop caused by the rotor speed recovery, this paper firstly proposes
an FR capability evaluation method for wind farms based on the principle of equal rotational
kinetic energy of WTs, and analyses the essence of cooperative rotor speed recovery for
WTs. Based on these, a cooperative synthetic inertia control (CSIC) for wind farms
considering FR capability is proposed. By introducing the cooperative coefficient, the
CSIC can fully utilize the FR capability of WTs, maintain the fast response of WTs with
synthetic inertia control, and reduce communication requirements for the wind farm control
center. By directly compensating the auxiliary FR power of WTs, the CSIC realizes the
cooperative rotor speed recovery for WTs between different wind farms, avoiding a
secondary frequency drop and a complex schedule of rotor speed recovery for
multiple WTs. Finally, the simulation results verify the effectiveness and feasibility of the
proposed control.
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INTRODUCTION

As a clean and efficient renewable energy, wind power has been widely used around the world and its
penetration rate also has been increasing (Lugovoy et al., 2021; Li et al., 2019; Zhang et al., 2021;
Xiong et al., 2020). Wind power generation systems mainly use the maximum power point tracking
(MPPT) control Chang-Chien et al. (2011), Liu et al. (2021) decoupling the output power of the
inverter from the system frequency, which cannot provide inertia and frequency support for the
power systems (Hafiz and Abdennour, 2015; Bonfiglio et al., 2019; Ratnam et al., 2020). Therefore,
the frequency deviation and the rate of change of frequency (RoCoF) indicators of the power system
are easily exceed, causing a series of adverse consequences (Xiong and Zhuo, 2013; Dreidy et al., 2017;
Xiong et al., 2021). To guarantee the frequency safety, the frequency indicators related relays will be
triggered when these indicators exceed the pertinent thresholds regulated by the grid code in many
countries (Attya et al., 2018; Entso-Eaisbl, Brussels, Belgium, Tech, 2019). Typical RoCoF relay sets
range from 0.1 Hz/s to 1.0 Hz/s in 50 Hz power systems, and from 0.12 Hz/s to 1.2 Hz/s in 60 Hz
power systems (Freitas et al., 2005).

To ensure frequency stability of power system, many countries and regions issue guidelines or
regulations for wind power auxiliary service, requiring wind farms to participate in frequency
regulation (FR) as conventional power plants during transient events (Francisco et al., 2014; Xue and
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Tai, 2011; Kheshti et al., 2019). Therefore, an FR controller is
attached to the wind turbine (WT) to provide auxiliary service
Bevrani et al. (2010), Ravanji et al. (2020), mainly including
power standby control deAlmeida et al. (2006), Dreidy et al.
(2017), Wang et al. (2020) and synthetic inertia control (SIC)
(Van de Vyver et al., 2016; Liu et al., 2018). Notably, the SIC
researched widely, mainly exerts the rotor kinetic energy of the
WT to participate in FR, thus less effect on its power generation
efficiency.

Due to the small capacity of single WT, wind power FR often is
researched from the wind farm. Normally, theWT’s FR capability is
determined by the wind condition and operating state. If the WT
excessively participates in FR process and exceeds its FR capability,
its rotor speed protectionwill be triggered, thus inducing a secondary
frequency drop (Liu et al., 2018; Xiong et al., 2018).

To fully utilize WT’s FR capability and to avoid a secondary
frequency drop, the research on frequency control for wind farms is
mainly carried out in cooperative FR power distribution and
cooperative speed rotor recovery of WT. In terms of cooperative
power distribution Chang-Chien and Yin (2009), defines a weight
coefficient of FR power based on pitch angle standby control, which
is proportional to the wind speed and characterizes the WT’s FR
capability, and the FR power is distributed according to the weight
coefficient (KV and Senroy, 2013). proposes a method with a
variable droop coefficient based on speed standby control to
automatically distribute FR power to WTs operating at different
wind speeds. However, the FR capability evaluation method
depending on wind speed is susceptible to the volatility and
uncertainty of wind speed Shi et al. (2016) proposes a
quantitative FR capability assessment method for single WT, and
proposes a self-coordinated frequency control based on the
evaluated FR capability. However, the method only considers the
WT operating state, and the collaborative frequency control of wind
farms containing WTs with different parameters need further
research. Besides, considering secondary frequency drop induced
by simultaneous rotor speed recovery of all WTs, the speed recovery
delay is directly set for the cooperative speed recovery in (Conroy
andWatson, 2008; Ping-KwanKeung et al., 2009). However, it could
be extremely complicated for the wind farm with multiple WTs to
schedule the rotor speed recovery.

In view of the above deficiencies of the cooperative power
distribution and cooperative rotor speed recovery control, this
paper proposes a cooperative frequency control strategy with the
directly-driven wind turbine with permanent-magnet synchronous
generator (D-PMSG) as the research object. This paper researches
the FR capability evaluation method for single and multiple wind
farms based on that for singleWT, and designs rotor speed recovery
control. Firstly, this paper analyzes the essential factors affecting
synthetic inertia control and the rotor speed recovery for WT, and
then propose a cooperative synthetic inertia control (CSIC) for wind
farms considering FR capability. By introducing the FR capability
coefficient and cooperative coefficient, the CSIC can distributeWT’s
FR power according to its FR capability to avoid excessive response.
Besides, the compensation function for FR power can smoothly
recover the rotor speed to its optimal operation point, avoiding a
secondary frequency drop and a complex schedule of rotor speed
recovery for multiple WTs.

The reminder of this manuscript is outlined as follows. The
principle of traditional SIC and parameter design method are
introduced in Principle of Synthetic Inertia Control. Cooperative
Synthetic Inertia Control for Wind Farms Considering FR
Capability proposes the FR capability evaluation method, the
CSIC for wind farms, and the rotor speed recovery control for
WT. Realization of CSIC for Wind Farms analyses the essence of
CSIC and cooperative rotor speed recovery control and proposes
a new realization method of CSIC for wind farms considering FR
capability. Finally, the effectiveness and feasibility of the proposed
control are verified in Simulation Verification.

PRINCIPLE OF SYNTHETIC INERTIA
CONTROL

Principle of Conventional PD Synthetic
Inertia Control
With an inertia constant of nearly 6s for a megawatt D-PMSG
(Morren et al., 2006), the kinetic energy stored in its rotor during
normal operation is considerable. Therefore, based on the MPPT
control, the auxiliary FR power related to the frequency deviation
and RoCoF indicators is introduced to simulate the primary
frequency regulation characteristic and inertia response
characteristic of the conventional synchronous generator, such
as the classical proportional differential synthetic inertia control
(PDSIC) shown in Figure 1.

Therefore, when PDSIC is adopted, the auxiliary FR power
PSIC is

PSIC � −kpΔωp − kdpΔωp (1)

where p is the differential operator, kp and kd are the proportional
and differential control coefficients respectively, Δω* is the per
unit of the system frequency deviation which satisfies Δω* � ω*−1
and ω* � ω/ωn, ω is the system angular frequency, and ωn is the
rated system angular frequency.

The D-PMSG reference power Pw_ref consists of the MPPT
control power PMPPT and the auxiliary FR power PSIC, i.e.

Pw_ref � PMPPT + PSIC (2)

where the PMPPT can be expressed as (Chinchilla et al., 2006)

PMPPT � kmaxω
3
w (3)

where ωw is the rotor speed, kmax is the control coefficient
maximizing captured wind energy with the value of

FIGURE 1 | Schematic diagram of PDSIC.
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0.5ρπr5Cpmax/λopt
3, and Cpmax and λopt are the power coefficient and

tip speed ratio corresponding to the optimal power respectively.
To prevent D-PMSG controlled by PDSIC mode from

shutdown due to excessively participating in system FR, the
PDSIC enable signal PROen is set as 0 by the speed protection
module when its rotor speed falls below the lower limit of rotor
speed protection ωw1 (is usually set as 0.6 p.u.), thus taking the
WT directly out of the system FR.

Parameter Design for Synthetic Inertia
Control
Considering the D-PMSG as a virtual equivalent synchronous
generator, the PDSIC parameters kp and kd can be written as (Shi
et al., 2016)

{ kp � Pwn/Rvir

kd � 2cHwPwn
(4)

where Rvir is the virtual droop coefficient of the equivalent synchronous
generator, c is the synthetic inertia coefficient, Pwn is the rated power of
D-PMSG, and Hw is the inertia constant of D-PMSG.

Due to the fast response characteristic of power regulation of
wind power converter, the synthetic inertia Hvir of the D-PMSG
controlled by PDSIC mode is adjustable, i.e.

Hvir � cHw (5)

where the range of c is roughly (0, 10) limited by rotor speed
regulation. Specially, the D-PMSG can show a greater synthetic
inertia towards the grid than its own inherent inertia during c > 1.

COOPERATIVE SYNTHETIC INERTIA
CONTROL FOR WIND FARMS
CONSIDERING FR CAPABILITY

Structure of Cooperative Synthetic Inertia
Control for Wind Farms
The structure of the cooperative synthetic inertia control between
different wind farms is shown in Figure 2. Assuming ignoring

communication delays, the FR capability coefficient of WT ka (i, j),
single wind farm ka_farm, i, and multiple wind farms ka_farms are
evaluated sequentially. Then auxiliary FR power of multiple wind
farms PSIC_farms can be calculated by ka_farms in the grid dispatching
center; the auxiliary FR power of each wind farm PSIC_farm, i can be
calculated by PSIC_farms and ka_farm, i. Finally, in the wind farm
control center, the auxiliary FR power of each WT PSIC (i, j) can be
calculated by PSIC_farm, i and ka (i, j). It can be seen from the above
process that the WT’s FR power distribution according to its FR
capability can be realized.

FR Capability Evaluation Method
FR Capability Evaluation Method for Single D-PMSG
Generally, the D-PMSG’s FR capability is related to the wind
condition and operating state. Under PDSIC mode, D-PMSG’s
FR capability is related to the rotor kinetic energy and the
adjustable capacity of converter.

Limited by the rotor kinetic energy of theD-PMSG and the capacity
margin of the converter during the system frequency falling or rising,
the D-PMSG’s FR capability can be quantitatively evaluated by

ka � 7.099(a2 − 0.62)(1 − a3) (6)

where ka is the FR capability coefficient defined in (Shi et al.,
2016), varying from [0, 1], and a is the per unit of the rotor speed,
i.e. a �ωp

w� ωw/ωwn.
The relationship between the FR capability coefficient ka and the

rotor speed ωp
w is shown in Figure 3. Under the MPPT control

mode, when the D-PMSG’s capability is less than 0.2 p.u. it does
not participate in the system FR, and the D-PMSG rotor speed is
about 0.6 p.u. When ωp

w is less than 0.6 p.u. the D-PMSG is not
involved in the system FR process due to the limitation of the rotor
speed protection. When ωp

w is in 0.6–1 p.u. ka increases firstly and
then decreases with ωp

w increasing. And ka increases to the
maximum until ωp

w� 0.836 p.u. From the variation of ka, it can
be seen that the D-PMSG’s FR capability is strongest at medium
wind speed. The detailed definition of D-PMSG’s FR capability
coefficient ka is shown in the Supplementary Appendix A.

FR Capability Evaluation Method for Single Wind Farm
The FR capability coefficient ka reflects the operating state.
However, the FR capability of single wind farm is not only

FIGURE 2 | Structure of cooperative synthetic inertia control for
wind farms.

FIGURE 3 | D-PMSG’s FR capability coefficient versus rotor speed.
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related to the operating state of D-PMSGs, but also their
parameters, such as the rated capacity Pwn and the inertia
constant Hw.

To evaluate the FR capability for single wind farm, a wind farm
containing n D-PMSGs can be equal to a synchronous generator
with a rated power Pfarmn, i.e.

Pfarmn � ∑n
i�1

Pwn,i (7)

where Pwn, i is the rated power of the i-th D-PMSG.
Considering that 1) the rotor kinetic energy Ekn of D-PMSG

operating at rated speed is equal to the product of Pwn andHw and
2) rotational kinetic energy is identical before and after
equivalence, the FR capability coefficient ka_farm for the
equivalent wind farm can be expressed as

ka_farm � 1
PfarmnHfarm

∑n
i�1

ka,iPwn,iHw,i (8)

where ka, i and Hw, i are the FR capability coefficient [see (6)] and
the inertia constant of the i-th D-PMSG respectively, andHfarm is
inertia constant of the equivalent wind farm, i.e.

Hfarm � ∑n
i�1
(Pwn,iHw,i)/Pfarmn (9)

Obviously, the range of ka_farm also is (0, 1) because of ka, i∈(0,
1). Specially, if the rated power and inertia constants of all
D-PMSGs are equal respectively in a wind farm, (8) can be
written as

ka_farm � 1
n

∑n
i�1

ka,i (10)

From (8) and (10), when the parameters of all D-PMSGs keep
constant, the FR capability of the wind farm is enhanced with the
increase of the proportion of D-PMSGs operating at medium
wind speed. Besides, when all D-PMSGs keep their operating
states invariant, the larger rated power Pwn and the inertia time
constant Hw are, the greater FR contribution of the D-PMSG in
this wind farm.

FR Capability Evaluation Method for Multiple Wind
Farms
Similarly, based on the principle of rotational kinetic energy
keeping identical before and after equivalence, m wind farms
participating in the system FR process can be equal to a
synchronous generator. Thus, the FR capability coefficient of
multiple wind farms ka_farms can be defined as

ka_farms � 1
PfarmsnHfarms

∑m
i�1

ka_farm,iPfarmn,iHfarm,i (11)

where ka_farm, i, Pfarmn, i, and Hfarm, i are FR capability coefficient,
total rated power, and equivalent inertia constant of the i-th wind
farm respectively; Pfarmsn andHfarms are the total rated power and
equivalent inertia constant of the m wind farms, and their
expressions are

⎧⎪⎪⎪⎨⎪⎪⎪⎩
Pfarmsn � ∑m

i�1
Pfarmn,i

Hfarms � ∑m
i�1

(Pfarmn,iHfarm,i)/Pfarmsn

(12)

Obviously, the ka_farms also is in (0, 1) because of ka_farm,
i ∈ (0, 1).

Principle of Cooperative Synthetic Inertia
Control for Wind Farms
By regarding m wind farms involved in system FR process as an
equivalent WT and considering the FR capability of wind power,
the auxiliary FR power of multiple wind farms based on the
traditional PDSIC can be expressed as

PSIC_farms � ka_farms( − kp_farmsΔωp − kd−farmspΔωp) (13)

where kp_farms and kd_farms are SIC coefficients, which can be
calculated by

{ kp_farms � Pfarmsn/Rvir

kd_farms � 2cHfarmsPfarmsn
(14)

In power system, the auxiliary FR power of the i-th wind farm
PSIC_farm, i is determined by its FR capability coefficient ka_farm, i

and rotor kinetic energy of equivalent WT operating at rated
speed, namely

PSIC_farm,i � ka_farm,iPfarmn,iHfarm,i

ka_farmsPfarmsnHfarms
PSIC_farms (15)

In the i-th wind farm, the j-th D-PMSG’s auxiliary FR power
PSIC (i, j) is determined by its FR capability coefficient and the
rotor kinetic energy at rated speed, namely

PSIC,(i,j) �
ka,(i,j)Pwn,(i,j)Hw,(i,j)
ka_farm,iPfarmn,iHfarm,i

PSIC_farm,i (16)

Substituting (15) into (16) gives PSIC (i, j) as

PSIC,(i,j) �
ka,(i,j)Pwn,(i,j)Hw,(i,j)
ka_farmsPfarmsnHfarms

PSIC_farms (17)

From the above distribution process of auxiliary FR power, the
cooperative control achieves auxiliary FR power distribution
according to the FR capability of D-PMSG and wind farm.

Cooperative Rotor Speed Recovery Control
of D-PMSG Between Different Wind Farms
After the system FR process of D-PMSG controlled by SIC mode,
the change of rotor kinetic energy causes rotor speed to deviate
from its optimal rotor speed calculated by MPPT control and
reduces its power generation efficiency. Therefore, an effective
rotor speed recovery control is required to make the D-PMSG
operate at optimal speed in time.

The essence of the rotor speed recovery control is to gradually
reduce the auxiliary FR power PSIC to 0, thus providing an
acceleration torque towards the optimal rotor speed. This
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paper proposes a rotor speed recovery control implemented by
directly compensating the auxiliary FR power PSIC calculated by
the SICmodule, and the principle of proposed control is shown in
Figure 4. Obviously, the compensated power ΔPREC can be
obtained by

ΔPREC � fREC(t)PSIC (18)

where fREC(t) is the compensation function and determines rotor
speed recovery process.

To reduce the secondary impact of D-PMSG rotor speed
recovery process on the system frequency, the response
characteristics of the conventional synchronous generator
governor are considered in this paper. The optimized
quadratic function is used for power compensation control. By
introducing the start time of the rotor speed tREC, on and duration
of the rotor recovery process TREC, the flexible control of the rotor
speed recovery process is realized. The compensation function
fREC(t) is

fREC(t) �
⎧⎪⎪⎨⎪⎪⎩

0, t < tREC,on

1 − [1 − 1
TREC

(t − tREC,on)]
2

, tREC,on ≤ t ≤

(tREC,on + TREC)1, t > (tREC,on + TREC) (19)

where tREC, on is the start time of the rotor speed recovery control
and TREC is the duration of the rotor recovery process.

Obviously, during the system FR process, the different start
time and duration of rotor speed recovery have different effects
on the system frequency. Since the system inertia response
process is usually around 5–10 s, the rotor speed recovery
control should be enabled within 5–10 s after the start of SIC.
A larger TREC can reduce the secondary impact of the rotor speed
recovery on the system frequency; however, it also can reduce the
speed of rotor speed recovery, resulting in a long recovery time.
Therefore, the determination of TREC is required a compromise
between the time of rotor speed recovery and the secondary

FIGURE4 |Rotor speed recovery control based on direct compensation
of auxiliary FR power.

FIGURE 5 | Structure of CSIC considering the rotor speed recovery
process.

FIGURE 6 | Realization of CSIC considering FR capability.
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impact on system frequency. Considering the primary frequency
regulation usually within 10–30 s, the duration TREC can be set as
around 30 s.

For multiple wind farms participating in system FR process,
they can be equated to an equivalent WT whose compensation
power ΔPREC_farms during the rotor speed recovery process is

ΔPREC_farms � fREC(t)PSIC_farms (20)

Similar to (17), for the j-th D-PMSG in the i-th wind farm, the
speed recovery compensation power ΔPREC (i, j) can be
obtained by

ΔPREC,(i,j) �
ka,(i,j)Pwn,(i,j)Hw,(i,j)
ka_farmsPfarmsnHfarms

fREC(t)PSIC_farms (21)

According to (17) and (21), during rotor speed recovery
process, the auxiliary FR power command eventually received
by the D-PMSG is

PSIC_REC,(i,j) �
ka,(i,j)Pwn,(i,j)Hw,(i,j)
ka_farmsPfarmsnHfarms

[1 − fREC(t)]PSIC_farms (22)

Considering the rotor speed recovery process, the structure is
shown in Figure 5.

Although the start time and duration of the rotor speed
recovery process are the same for all D-PMSGs in a wind
farms, the output power of the wind farms can change

smoothly due to the compensation function, thus effectively
avoiding a secondary frequency drop.

REALIZATION OF CSIC FOR WIND FARMS

In actual engineering, if the cooperative synthetic inertia
control for wind farms shown in Figure 2 is strictly
implemented, on the one hand, the real-time
communication burden is increased by a large amount of
data between the D-PMSG, the wind farm control center
and the grid dispatching center; on the other hand, limited
by the communication delay, the response speed of the
D-PMSG controlled by PDSIC mode is weakened. To meet
the requirements for rapidity of D-PMSG participating in
inertia regulation and transient primary frequency control,
ignoring the delay (the ideal situation) in the process from
D-PMSG operating states summary to FR power distribution,
this paper analyzes the essence of CSIC and proposes a new
realization method of CSIC for wind farms considering FR
capability based on the cooperative control shown in Figure 2.

Firstly, the cooperative coefficient ζ farms is defined by D-PMSG
inertia constant and equivalent inertia constant of the wind farms
involved in the system FR process, namely

ζ farms � Hw/Hfarms (23)

By substituting (13) (14), and (23) into (17), the auxiliary FR
power of the j-th D-PMSG in the i-th wind farm controlled by
CSIC mode can be expressed as

TABLE 1 | Comparison of CSIC in Figure 2 and Figure 6.

Projects CSIC in Figure 2 CSIC in Figure 6

Main interactive data Wind turbine/farm parameters, real-time status, and power Wind turbine/farm parameters, frequency control parameters
Real-time requirements High, transmission interruption is not allowed Low, transmission interruption is allowed
Data burden for interaction Large Less
Source of FR instruction Calculated by upper control system Calculated by wind turbine itself
Response speed Slow (communication delay) Quick (immediate response)

FIGURE 7 | Simulation system model.

FIGURE 8 | Distribution of D-PMSGs operating in different wind speeds.

TABLE 2 | Wind farm parameters and wind conditions.

Wind farm Wind conditions Number of WT Inertia
constant of WT/s

#1 Low wind speed 90 3.5
#2 Medium wind speed 90 5.5
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PSIC � ka[ − ζ farmskpΔωp − kdpΔωp] (24)

where kp and kd can be calculated by (4).
Similarly, substituting (13) (14), and (23) into (22) gives the

above FR power considering the rotor speed recovery as

PSIC_REC � ka[ − ζ farmskpΔωp − kdpΔωp][1 − fREC(t)] (25)

From (24), the cooperative control for multiple D-PMSGs is
achieved by the FR capability coefficient ka and cooperative
coefficient ζ farms. Specially, ka reflects the real-time state of
D-PMSG, which D-PMSG can adjust the degree of
participating in FR according to its operating state; ζ farms

characterizes the relative size of the inertia of single D-PMSG
and the equivalent inertia of the wind farms, which D-PMSG can
further adjust the degree of participation according to its relative
FR capability, thus achieve cooperative control for multiple
D-PMSGs. Besides, ζ farms increases with increase the D-PMSG
inertia constant of [see (23)], and FR power and contribution of
D-PMSG are larger in the wind farm [see (24) or (25)].

Based on (4) and (25), Figure 6 shows realization of CSIC
considering FR capability.

If only one wind farm participates in system FR process, the
D-PMSG cooperative coefficient ζ farm is

ζ farm � Hw/Hfarm (26)

For the realization of CIVC considering FR capability in
Figure 6, except the D-PMSG’s inherent parameters Pwn and
Hw, the superior dispatching center only sends the droop control
coefficient Rvir, the equivalent inertia constantHfarm orHfarms, the
synthetic inertia coefficient c, and the start time tREC, on and the
duration TREC of the rotor speed recovery control. Besides, the
cooperative coefficient ζ farm can be adjusted by updating Hfarm or
Hfarms, the control performance can be adjusted by updating Rvir
and c, and the rotor speed recovery process can be adjusted by
updating tREC, on and TREC.

Because the superior dispatching center only sends control
parameters, a high communication rate between the control
center and D-PMSG is not required and the interval of issuing
commands can be set to the second level. Even in extremely severe
case, such as communication interruption, the D-PMSG can still

automatically participate in the system FR process according to
the control parameters previously provided by the control center.

Compared with the cooperative control in Figure 2, based on
the frequency control parameters sent by the superior dispatching
center, the proposed CSIC in Figure 6 directly responds to the
system frequency variation and avoids the impact of the
communication delay, thus achieving the best control
performance (i.e. the ideal situation) for the method in
Figure 2. Besides, due to without the process from D-PMSG
operating state summary to FR power distribution, the
implement of CSIC is simplified and its efficiency is increased.
The comparison of CSIC characteristics shown in Figure 2 and
Figure 6 is shown in Table 1.

As a matter of fact, small frequency fluctuations often caused
by the changes of load and power supply, can be confronted by
the utility grid independently. Therefore, for serious frequency
problems caused by large or abnormal load disturbances, the
D-PMSG participates in system FR process; otherwise for small
frequency fluctuations, the D-PMSG should keep the original
operating state determined by MPPT control to ensure the power
generation efficiency. To this end, the action dead zone is set in
Figure 6, which D-PMSG participates in system FR process only
when the frequency exceeds the range [fn-ε1, fn+ε1] and the
RoCoF (|df/dt|) exceeds its threshold ε2.

SIMULATION VERIFICATION

Simulation System
To verify the effectiveness and correctness of the CSIC for wind
farms considering FR capability, the 2-area grid connected wind
farms simulation model based on Matlab/Simulink is established
in Figure 7. This system shortens the length of the transmission
lines between two areas on the standard 4-machine 2-area system,
thus enhancing the coupling relationship between the two areas.

The simulation system consists of 1) three synchronous
generators equipped with governor and exciter (34) and 2)
two wind farms, each of which includes 90 D-PMSGs with the
parameters of rated capacity 2 MW, rated wind speed 11.36m s−1,
and the rated rotor speed 1.98 rad s−1. However, the wind
conditions and the D-PMSG inertia constants are different for
the two wind farms, as shown in Table 2.

For two wind farms, according to the size of MPPT control
power, the wind speed is divided into low, medium and high wind
speed, corresponding to 3 m s−1 ≤ v ≤ 8 m s−1, 8 m s−1 < v ≤
10 m s−1 and 10 m s−1 < v ≤ 25 m s−1, where the cut-in wind speed
is 3 m s−1 and the cut-out wind speed is 25 m s−1. For comparison,

FIGURE 9 | System frequency response characteristics in four cases.

TABLE 3 | Minimum and relative improvement value of the system frequency in
four cases.

Case fmin/Hz Δf/Hz

I 49.36 0.45
II 48.91 0 (base value)
III 49.34 0.43
IV 49.36 0.45
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FIGURE 10 | Response characteristics of two wind farms: (A) FR capability coefficient; (B) output power (PB � 180 MW).

FIGURE 11 | Output power of D-PMSGs operating at different wind speeds in (A) Case III and (B) Case IV (wind farm #1).

FIGURE 12 | Rotor speed of D-PMSGs operating at different wind speeds in (A) Case III and (B ) Case IV (wind farm #1).
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the D-PMSGs are divided into six groups, corresponding
to wind speed: 7, 8, 9, 10, 11, and 12 m s−1, which the
wind speeds of D-PMSGs in a group are same. The
distribution of D-PMSGs in two wind farms is shown in
Figure 8.

During the stable operation, the system frequency is 50 Hz and
the operation state of D-PMSG is determined by MPPT control.
At t � 5 s, with switch S1 closed at node 9, the active load suddenly
increases from 500 to 590 MW.

Simulation Case
To comparatively analyze, the simulation system is operated in
four cases.

Case I: wind farm #1 and wind farm #2 are respectively
replaced by a synchronous generator with the same capacity as
wind farm (SG4, rated capacity 180 MW, inertia constant H �
3.5 s; SG5, rated capacity 180 MW, inertia constant H � 5.5 s),
and the other parameters of G4 and SG5 is same with other SGs,
namely the droop coefficient is 0.05.

Case II: the wind farm only uses MPPT control without SIC,
i.e. D-PMSG is not involved in the system frequency response.

Case III: the wind farm is controlled by conventional PDSIC
mode with Rvir � 0.05 and c � 1.

Case IV: the wind farm is controlled by CSIC mode shown in
Figure 6 with Rvir � 0.025, c � 2, and Hfarms � 4.0 s.

The lower limit of rotor speed protection ωw1 is 0.6 p. u. in
Case III and Case IV. For the rotor speed recovery control in Case
IV, it is enabled after 5 s of the load disturbance (i.e. at t � 10 s),
and the duration of rotor speed recovery process TREC is 35 s.
Besides, the dead zone of CIVC is set as 49.9–50.1 Hz and
ε2 � 0.2%.

Analysis of Simulation Results
Response Characteristics
In this section, under the wind conditions shown in Figure 8, the
performance of proposed control is analyzed from three aspects:
system frequency response characteristics, wind farm response
characteristics and D-PMSG response characteristics.

(1) System frequency response characteristics.
The system frequency response characteristics in four cases are

shown in Figure 9, and the minimum fmin and relative
improvement value Δf of the system frequency are shown in
Table 3.

In Figure 9, the RoCoF indicator in Case I and Case IV are
similar. In Table 3, the relative improvement value is of system
frequency 0.43 Hz in Case III, while that is 0.45 Hz in Case I and
Case IV. Therefore, in terms of suppressing the RoCoF and
maximum frequency deviation, the CSIC can make the wind
farm exhibit a transient FR capability which is comparable to that
of a synchronous generator with same capacity and inertia.
Besides, the conventional PDSIC results in a secondary
frequency drop, while the CSIC not only effectively avoids that
drop but also further improves the minimum value of system
frequency (by 0.02 Hz).

2) Wind farms response characteristics.
During the transient response process, the FR capability

coefficient and output power of each wind farm are shown in
Figure 10 where PB represents the system base power.

FIGURE 13 | Response characteristics of D-PMSGs operating at different wind speeds in two wind farms in Case IV: (A) output power and (B) rotor speed.

FIGURE 14 | Same distribution of D-PMSGs operating at different wind
speeds in two wind farms.
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In Figure 10A, the FR capability of wind farm #2 is stronger
than that of wind farm #1, which it indicates that the FR capability
is related to wind speed. In Figure 10B, under conventional
PDSIC (Case III), due to ignoring the difference of FR capability
between D-PMSGs, the maximum auxiliary FR power of each
wind farm is almost identical. However, due to the poor wind
conditions and the low inertia, rotor speed protections of some
D-PMSGs are triggered and output power of wind farm rapidly
decreases, causing FR power falling of wind farm #1, thus
inducing the secondary frequency drop in Figure 9.

Under the CSIC for wind farms (Case IV), although the FR
capability coefficient of wind farm ka_farm is not used in the actual
control, due to the introduction of the FR capability coefficient ka
of D-PMSG and the cooperative coefficient ζ [see (25)], the wind
farms can participate in system FR process according to their FR
capabilities, thus realizing the cooperative control between
different wind farms.

3) D-PMSGs response characteristics.
For the D-PMSG controlled by two SIC modes (PDSIC and

CSIC), the output power and rotor speed characteristics of
D-PMSGs operating at different wind speeds in wind farm #1
are shown in Figure 11 and Figure 12 respectively.

According to Figure 11 and Figure 12, because the
traditional PDSIC mode ignores D-PMSG’s operating state,
the low wind speed D-PMSGs excessively participate in
system FR process and trigger their rotor speed protections,
while the medium and high wind speed D-PMSGs cannot exert
their abundant rotor kinetic energy and only cause small rotor
speed fluctuations. However, under the CSIC mode, the
D-PMSGs operating at different wind speeds provide
different auxiliary FR power. In this way, the CSIC realizes
the cooperative FR power distribution and cooperative rotor
speed recovery between different D-PMSGs, effectively avoiding
rotor speed protection action.

For the D-PMSG controlled by CSIC mode, Figure 13
shows the response characteristics of D-PMSGs operating at
different wind speeds in two wind farms. For one thing, in
the same wind farm, although the D-PMSGs’ parameters are

same, each D-PMSG auxiliary FR power is different due to
the different wind speed. For another thing, in different
wind farms, although the initial operating state and rated
capacity both are identical for D-PMSG operating at the
same wind speed, the FR process of each D-PMSG is
different due to different inertia constant. Besides, the
larger D-PMSG inertia constant is, the more FR power
and FR contribution are.

Therefore, by introducing the FR capability coefficient and the
cooperative coefficient, the power system can achieve the
cooperative synthetic inertia control between different wind
farms and different D-PMSGs from system and unit level.

Effect of Wind Conditions on the Frequency Response
Characteristics
To further analyze the effect of wind conditions on the frequency
response characteristics, the wind conditions for both wind farms
are adjusted and shown in Figure 14.

During system load disturbance in different cases, the
system frequency response characteristics and the wind
farm output power characteristics are shown in Figure 15.
Compared to the conventional PDSIC, the proposed CSIC
mode improves the frequency nadir from 49.15 to 49.27 Hz
(See Figure 15). Besides, by comparing Figure 9 and
Figure 15A, when the proportion of low wind speed
D-PMSG in the wind farm increases, the more serious
secondary frequency drop is caused under the
conventional PDSIC mode, while that drop is avoided
efficiently under the CSIC mode again.

CONCLUSION

This paper firstly studies the FR capability evaluation method for
single and multiple wind farms, analyzes the essence of CSIC and
the rotor speed recovery. Based on these, the CSIC for wind farms
considering FR capability is proposed, and simulation results
verify the effectiveness and feasibility of the proposed method.

FIGURE 15 | Response characteristics of power grid and wind farms in four cases: (A) system frequency response characteristics; (B) output power of two
wind farms.
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The FR capability of wind farm is related to the operating state
and the parameter of WT. Based on the principle of equal
rotational kinetic energy, this paper proposes the FR capability
evaluation method for single and multiple wind farms, which can
reasonably reflect the effect of operating state and the parameter
of WTs on system FR process.

For the proposed CSIC for wind farms, by introducing FR
capability coefficient and cooperative coefficient, the WT can
participate in the system frequency response cooperatively
according to its operating state and FR capability; by cooperative
control between differentWTs, the fast response performance of SIC
is ensured and the communication requirement for wind farm
control center is also reduced. Besides, by introducing
compensation function, the rotor speed recovery control can
avoid the secondary frequency drop and a complex schedule of
rotor speed recovery for multiple WTs.
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NOMENCLATURE

Cpmax power coefficient to the optimal power of wind turbine

fn rated frequency (Hz)

fREC(t) compensation function of the rotor speed recovery process

fmin minimum value of the system frequency (Hz)

Ek D-PMSG rotor kinetic energy (J)

Ekn D-PMSG rotor kinetic energy at rated rotor speed (J)

Ek1 D-PMSG rotor kinetic energy at the lower limit of rotor speed
protection (J)

Jw rotational inertia of D-PMSG (kg·m2)

Hw inertia constant of D-PMSG (s)

Hfarm equivalent inertia constant of wind farm (s)

Hvir synthetic inertia constant of D-PMSG (s)

ka FR capability coefficient of D-PMSG

kC available capacity factor

kd differential control coefficients of synthetic inertia control for D-PMSG

kJ available rotor kinetic energy factor

kmax control coefficient of MPPT control

kp proportional control coefficients of synthetic inertia control for D-PMSG

Pw D-PMSG output power (Watt)

Pw_ref reference power of D-PMSG (Watt)

Pwn rated power of D-PMSG (Watt)

Pw1 D-PMSG output power at the lower limit of rotor speed protection
(Watt)

Pfarmn rated power of the wind farm (Watt)

PMPPT output power of maximum power point tracking (MPPT) control
(Watt)

PROen PDSIC enable signal

PSIC auxiliary FR power of wind D-PMSG (Watt)

PSIC_REC auxiliary FR power of consider the rotor speed recovery control
(Watt)

r blade radius (m)

v wind speed (m/s)

Rvir virtual droop coefficient of the equivalent synchronous generator

tREC, on the start time of the rotor speed recovery control (s)

TREC r duration of the rotor recovery process (s)

ω angular frequency (rad/s)

ωw rotor speed of wind turbine (rad/s)

ωw1 minimum Angular velocity of D-PMSG during SIC (rad/s)

ωn rated angular frequency (rad/s)

Δf improvement value of the system frequency (Hz)

Δω* per unit value of system frequency deviation (p.u.)

ΔPREC compensated power of D-PMSG for the rotor speed recovery control
(Watt)

λopt Tip speed ratio corresponding to the optimal power of wind turbine

ζ farm cooperative coefficient of the wind farm

γ synthetic inertia coefficient

ρ air density (kg/m3)

p differential operator

ε1, ε2 dead zone value

Subscripts and Superscripts

ref Reference value

farm wind farm

farms wind farms

n Rated value

* Per unit value

Δ Deviation value
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