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O I N R e

Abstract: This paper presents an advanced virtual inertia control strategy for wind farms to provide
transient power support in the presence of frequency events, where a fuzzy active disturbance
rejection controller is developed to enable the operation of an energy storage system (ESS) so as
to provide support for frequency regulation of the power grid. To effectively estimate the system
frequency under uncertain noises, fuzzy rules are presented to adaptively tune the parameters of the
extended state observer and to realize the power-sharing, to improve the anti-interference ability of
the wind power system. Finally, simulation analysis in MATLAB/Simulink is provided to validate
the effectiveness of the proposed control strategy. Simulation results show that the developed virtual
inertia control strategy based on fuzzy active disturbance rejection control has a good inertia support
capability. In addition, the proposed method is able to improve the anti-noise capability of the wind
power system.

Keywords: wind farm; inertia support; fuzzy rules; active disturbance rejection control

1. Introduction

With the rapid development of renewable energy technologies, power electronic
converters have been increasingly adopted as efficient interfaces to integrate renewable
energies into the power system. Unlike conventional synchronous generators that can
support rotating inertia, the power converter-fed generators fail to provide rotating inertia
inherently. Hence, the increasing adoption of power converter-interfaced generators tends
to weaken the total rotating inertia of the power system so that the power system is subject
to the intermittency and fluctuation of renewable energy sources [1,2]. Doubly fed induction
generator (DFIG)-based wind turbines have been widely applied in modern wind power
systems, where the stator of the DFIG is connected directly to the grid, and the rotor is
connected to the grid by a back-to-back converter, as shown in Figure 1. The application of
a back-to-back power converter decouples the wind generator from the power grid, which
fails to respond automatically to frequency variations of the power system [3]. As the
proportion of wind power generation increases, the influence of wind power generation on
the operation performance of the power system is becoming evident. Hence, the grid codes
pose new requirements for the grid support capability of wind turbines (WT) [4,5]. Inertia
support of the wind power system is an important capability to respond automatically to
the transient frequency events of the power system [6-8].

To increase the rotating inertia and support the transient frequency of a wind power
plant in the presence of frequency events, inertia emulation strategies have been presented
in previous works [9-16]. Inertia emulation methods mainly include rotor kinetic energy-
based inertia emulation and energy storage (ES)-based inertia emulation. The authors
of [9] designed a supplementary control loop to activate the kinetic energy of the wind
generator in a DFIG-based wind power system, where the wind turbine may respond to
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the frequency deviations that are similar to the inertia response of a synchronous gener-
ator. The authors of [10] compared two control strategies, including inertia and droop
control. To utilize the rotating inertia of wind turbines, a kinetic energy-based inertial
control strategy for a DFIG-based wind power plant was developed in [11], where DFIG
contributed to transient frequency support by utilizing releasable kinetic energy, and the
proposed kinetic energy-based gain scheme aims to activate the kinetic energy in the DFIG
to boost the frequency nadir. Based on this, a data-driven virtual inertia control strategy
was proposed in our previous work [12], where the noise interference in the frequency
measurement process is effectively suppressed by designing the Riccati equation with a
self-correction capability.
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Figure 1. Diagram of a DFIG-based wind turbine.

Apart from the rotating inertia-based inertia emulation strategy, the energy storage
(ES)-based inertia emulation method is also an effective solution to address the transient
frequency disturbance. The virtual inertia control method based on the kinetic energy
of the rotor realizes inertia support by releasing the kinetic energy stored in the genera-
tor rotor. Compared with the rotating energy-based inertia control strategy, the energy
storage-based inertia control can suppress wind power fluctuations in a more flexible and
effective manner through the rapid charge and discharge of the ES so as to address the fast
power fluctuation.

In [13], the frequency control methods of wind turbine are reviewed, and requirements
for ES devices to perform inertia emulation are analyzed. In [14], the requirements of the
conventional kinetic energy-based inertia control strategies are analyzed by using the vari-
able speed characteristics of variable speed wind turbine. Compared with the conventional
kinetic energy-based inertia control strategies, the fuzzy theory-based control strategy
is able to provide effective frequency support by predicting the frequency disturbance.
In [15], an inertia control strategy based on fuzzy logic control (FLC) is developed to release
the inertia energy of wind farm. According to the system frequency deviation, correspond-
ing fuzzy rules are designed to dynamically provide the inertia support for power system.
A fuzzy control-based inertia emulation strategy with ES device is presented in [16], where
the fuzzy controller is employed to reduce the fluctuation of state-of-charge (SOC) and
extend the lifespan of batteries. However, the WT is still affected by measurement noise.
Therefore, it is important to improve the anti-interference ability of wind power system in
the presence of grid frequency fluctuations.

In [17], an extended state observer (ESO) is developed to asymptotically estimate
the aggregated disturbance that causes frequency deviation, so as to avoid measurement
or calculation for system frequency derivation. In order to mitigate the rotor current
disturbance caused by the change of electromagnetic torque, a maximum power point
tracking (MPPT) control based on active disturbance rejection control (ADRC) is proposed
in [18], which is able to effectively mitigate the rotor current disturbance. However, the
existing virtual inertia control strategies fail to address the following drawbacks. (1) In
the actual control process, PD virtual inertia is easy to operate, but PD parameters cannot
be adjusted online, which results in poor control effect. (2) The frequency change rate of
the power system is the basis of the entire inertia compensation control, but the frequency
measured from wind turbine is interfered by a variety of local factors and measurement
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noises, which can be caused by equipment parameter aging of measuring equipment
and/or the difference in electromechanical properties between different equipments.

Therefore, this paper presents an adaptive inertia emulation strategy based on fuzzy
logic auto-disturbance rejection control (FLC-ADRC), where fuzzy rules and the fuzzy
active disturbance rejection control algorithm are introduced. The contributions of this
work are explained as follows: (1) An inertia control method based on FLC-ADRC is
proposed. (2) A nonlinear extended state observer is developed to predict the variation in
frequency. (3) A fuzzy nonlinear control rate is used to adjust system parameters in the ESO
online to improve the accuracy of FLC-ADRC. The rest of this paper is organized as follows:
In Section 2, the traditional virtual inertia control strategies are reviewed. The proposed
control strategy based on fuzzy logic auto-disturbance inertia control is developed in
Section 3. In Section 4, the proposed control method is validated by simulation verification.
Conclusions are drawn in Section 5.

2. System Description and Problem Formulation
2.1. System Description

A simplified diagram of a DFIG-based wind turbine is shown in Figure 1, where
the stator is connected directly to the grid, and the rotor is connected to the grid by a
back-to-back converter. The back-to-back converter decouples the wind turbine from the
power grid. The control system enables the power converter to perform the following
tasks: (1) Maximum power point tracking is implemented when the wind speed is below
the rated wind speed. (2) The DC-link voltage of the power converter is maintained.
(3) Reactive power support is provided in the presence of a grid fault. The mechanical
power extracted from the wind turbine is given as Formula (1) [19].

Py = 0.5mpR*Cy (A, B)0° (1)

where Py, is the mechanical power extracted from the wind energy, p = 1.22 kg/m?3 is the
air density in kilograms per cubic meter, R is the turbine radius, w is the turbine angular
speed, v is the wind speed, A = wR/v is the blade top speed ratio; f§ is the blade pitch angle,
Cy(A,B) is the power performance coefficient of the wind turbine, which is related to the
blade pitch angle and the blade tip speed ratio.

2.2. Traditional Virtual Inertial Controller

Figure 2 shows the inertia control structure of the additional power outer loop. Two
parts are included in the outer power loop, where the dynamic frequency deviation (Af)
is enacted by the proportional part, and the frequency deviation change rate (df/dt) is
enacted by the differential part. When a power imbalance in the grid happens, the system
frequency responds quickly, and the differential part is crucial at this point. When the
system frequency fluctuation happens, the proportional part will be crucial. The active
power compensation of the DFIG can be represented as Formula (2).

Pyrp = Kd% + KpAf @)
where Pyrg, Ky, Ky, Af, and df/dt are the targeted inertia power, the differential parameter,
the proportion parameter, the frequency offset, and the frequency rate, respectively. The
inertia response of the synchronous generator is simulated through the ESSs, which are
used to increase the equivalent inertia of the power system in order to improve the transient
performance of the system frequency. The inertia response of the power system [20] is
represented as Formula (3).

APyrp = ZH% + DAf 6)
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where H is the inertia time constant, and D is the damping coefficient. The inertia response
of the WT can be given as Formula (4).

APyrp = (2H+Kd)%+ (D+Kp)Af (4)

DFIG control
system

s
1+7s

Figure 2. Inertia control structure of the additional power outer loop.

The PD-based virtual inertia strategy can be performed in practical operations easily.
However, this method is subject to external interference, which fails to provide sufficient
inertia support based on the specific conditions of the actual wind power system. The
uncertainty of the DFIG-inertial simulation system is caused by the measurement noise
in the process of power grid frequency measurements. Therefore, it is urgent to develop
a method to improve the anti-interference ability of the system and the virtual inertia
control effect. To address this issue, this paper presents an inertia control strategy based
on a fuzzy logic active disturbance rejection control (FLC-ADRC) strategy for inertia
emulation control.

3. The Proposed Inertia Control Strategy Based on FLC-ADRC

In this section, the FLC-ADRC strategy is developed to perform inertia emulation.
Figure 3 shows the simplified diagram of the FLC-ADRC-based inertia control method.
FLC-ADRC was composed of a fuzzy controller and an auto disturbance rejection controller
(ADRC). The ADRC was a nonlinear PID controller with good adaptability and robust-
ness, and fuzzy logic was introduced to adaptively tune the parameters of ADRC. In this
proposed FLC-ADRC, the ESO was adopted to estimate the frequency change rate of the
inertia control system. The external disturbance and unknown measurement noise were
estimated as the extended state of the ESO, where the observer parameters were adaptively
adjusted online by fuzzy rules.

.
o, / Pppr P, [DFIG control
8 system

state error
feedback

Figure 3. Simplified diagram of the fuzzy ADRC-based inertia emulation method.



Energies 2023, 16, 3991 50f 16
3.1. Fuzzy Active Disturbance Rejection Controller
3.1.1. Extended State Observer
The frequency dynamic response can be given as Formula (5).
dAf
2H— T = —DAf 4 APg + APygrp + APr — APL (5)

where Pg is the power provided by conventional synchronous generators, Pygrp is the
reference value of the active power increment produced by the energy storage virtual
inertia control, and Pr is the exchange power between adjacent systems. Pj is the active
load distribution of the system, and APg, APygp, APt, and AP}, are the increments of Pg,
Pygrp, Pr, and Py, respectively.

The first-order representation can be given as Formula (6) by Formula (5).

dAf 1
—— 7Ap —(—DA AP, AP+ — AP,
iy VRB+2H( f + APg + APr L) (6)

Formula (6) can be rewritten as Formula (7).

dof 211 APYRE+ (557 (—DAf + APG + APr — APy) )
+(21 — 275 )APyrB)
Taking the following equation into Formula (7).
a(t) = ~- (~DAf + APG + APy — AP) + (o — 2 )APyg
2H 2H  2H,
Formula (7) can be rewritten as Formula (8).
% =a(t) + %APVRB ®)

where a(t) is all the interference of the total active power imbalance (excluding ESS) on the
frequency rate.

According to Formula (8), the state variable x = Af and the control input u = APygp are
defined, and the unknown total disturbance of the system a(t), the system model is repre-
sented as Formula (9).

x i a(t) + ﬁu 9
y=x

According to Formula (11), ESO can be used to estimate the state variables x and the
newly expanded state variables a(t). Therefore, the new state variables z1 = x, zp = a(t), the
output y = z; = x, and ESO can be represented as Formula (10).

e =21— 21
z1= 22+ gt — Poier (10)

2y = —Boafal(er,a1,01)

where 7 is the observed state of z;, z is the observed state of z,, z1 and z, represent
the derivative of 21 and 22, eq is the observer error, &1 is a nonlinear factor related to
the control accuracy, A; is the filtering factor (choosing appropriate parameters can avoid
the occurrence of high-frequency oscillations), u is the control input, Bo;, and By, are the
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adjustable gain parameters. The function fal(e;, a1, A1) has fast convergence and a certain
filtering effect, which can be represented as Formula (11).

éfl“ ler] <oy
fal(el,a1,51) = 1 ] (11)
le1|*'sign(er)|er] > &1

Therefore, if the parameters By; and By, are selected reasonably, the observation 21 of
the ESO output, shown in Equation (12), will approach x, which is the system offset Af. To
respond to frequency derivation, the ES-based virtual inertia control strategy is developed
as Formula (12).

APy ~ — ﬂ%df:—KmBQHEZ (12)
where Kygp is the inertia response participation coefficient of ESS, and the value range
is0 < KVRB <1

When adding the reference power increment of the synchronous generator’s primary
frequency modulation, Formula (12) is rewritten as Formula (13).

APyrg = —Kygp -2Hyzo — Kypz1 (13)

where Ky is the equivalent frequency adjustment effect coefficient. This formula simulates
the inertia response and primary frequency control ability of synchronous wind generators.

3.1.2. Nonlinear State Feedback Controller

The control objective of ADRC is to make z; tend to zero; that is, the system frequency

deviation is zero. Therefore, the control quantity u# in Formula (9) can be taken as:
u = up+ APyrp

uy = Po3Bfref — 21 (14

Formula (14) is the nonlinear feedback control law of the ADRC designed in this
chapter. Therefore, the approximate mathematical model of ADRC designed in this chapter
is shown in Formula (15):

Af =0

Z1 =X

2o = a(t)

e1 =21 — 21

z1=z2+ ﬁ“ — Borer (15)

2y = —Boafal(er,a1,01)
u=1uy + APVRB

Up = .BOBAfref —Z1

3.1.3. Fuzzy Rules

In the process of DFIG participating in grid frequency regulation, fuzzy control has
better robustness and the anti-interference ability for a nonlinear and complex time-varying
wind power system. In this part, fuzzy rules are used to tune the parameters of an
active disturbance rejection controller online to realize adaptive control. The operation
performance of ADRC mainly depends on the internal parameters of the controller. To
adaptively adjust the internal parameters of the controller, fuzzy rules were adopted to
adjust the parameters of ADRC online to realize the adaptive control. To meet the self-
tuning requirements of e, and e3 (the change rate of ep) to g1 and By, at different times, ep
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and e3 were used as fuzzy input variables. Fuzzy rules were used to adaptively modify
parameters By; and Bgy online. Among them, when the Af and dAf/dt changed, By was
positively correlated with the two inputs of the fuzzy logic controller, while By, was
negatively correlated with it, and the corresponding virtual inertia control effect of energy
storage compensation was obtained. According to experimental data, the ranges of e,
and e3 were [—0.3, 0.3] and [—3, 3], respectively. The domains of output variables By; and
Bo2 of the fuzzy controller were [4, 6] and [0.001, 0.01], respectively. Among them, B
and Bgp were the outputs of the fuzzy rules, and the fuzzy subsets of 3, Bg1, and B2 were
defined as {NB, NS, ZO, PS, PB}. The fuzzy subsets of e3 were defined as {NB, ZO, PB}. The
corresponding membership function is shown in Figure 4.

NB NS 70 PS PB
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o o o
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The fuzzy roles of By and By, are defined in Table 1. According to the membership
table of each fuzzy subset and the fuzzy control model of each parameter, the fuzzy matrix
table specified by fuzzy synthetic reasoning was used.

Table 1. Fuzzy roles of f01 and 0.

e3
e
NB 70 PB
NB NB/PB NS/PS 7Z0/ZO
NS NB/PS NS/PS PS/NS
Z0 NS/PS Z70/Z0 PS/NS
PS NS/PS PS/NS PB/NS
PB Z0/Z0O PS/NS PB/NS

The fuzzy rules were specified according to the frequency change rate. Then, fuzzy
rules were used to modify ESO parameters Bp; and By, online. The reasoning principle
embodied in the controller was that when the Af and the dAf/dt were negative, the output
Bo1 was negative, and the output B, was positive to reduce system frequency fluctuation.
When the Af and the dAf/dt were positive, the output By was positive, and the output By,
was negative to speed up system frequency recovery. The controller adjusted the output
power of ESS in real-time according to the variation in the system frequency and effectively
compensated the virtual inertia of the wind power system. The output surface of the fuzzy
controller is shown in Figure 5.

0.2

-2 0.2

(b)

Figure 5. Output surface. (a) Bp; surface and (b) By, surface.
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4. Simulation Verification

To validate the effectiveness of the proposed FLC-ADRC-based virtual inertia control
strategy, simulation verification was performed in MATLAB/Simulink. Figure 6 shows
the single-line diagram of the exemplified system. The wind power system included six
1.5 MW DFIG-based wind turbines, where each generator was equipped with an ESS with
a capacity of 250 kW, and the rated power of the equivalent synchronous generator in the
power grid was 120 MW. An energy storage system was connected by a DC/DC converter,
and the FLC-ADRC controller was designed to control the DC/DC converter so as to
provide active power support for the energy storage system. The related parameters of the
wind power system are given in Table 2.

PDFIG
:— @)——to+—+e
arie

ESS DC TAPVRB
DC

Figure 6. Simplified diagram of the exemplified system.

Table 2. System Parameters of Wind Power System.

Parameter Value
Wind farm rated power 9 MW
DFIG unit rated power, Py 1.5 MW
DFIG rated voltage, Vyom 575V
Air density, p 1.22kg/m?
Turbine radius, R 3525 m
Inertia of generator, He 0.62s
Inertia of wind turbine, Hyyt 4.33s
Magnetizing inductance, L, 2.9036 (p.u.)
Stator self-inductance, L 0.1714 (p.u.)
Rotor self-inductance, L, 0.1563 (p.u.)
Cut in wind speed, v, 3m/s
Cut out wind speed, v, 25m/s
Rated wind speed, v, 11m/s

It is important for the inertia support ability of a wind turbine to reduce the frequency
change rate of the system when frequency events occur. Then, in the condition of an
11 m/s wind speed, the simulation of the proposed control method was studied. The capa-
bility of transient inertia support under three different conditions was recorded, including
frequency decrease or increase. In order to verify the correctness of the proposed control
method, the comparative analysis is performed to the frequency regulation under three
different situations.

PD Inertia Control: Transient inertia support was provided to DFIG, that operated with
PD-based inertia control. ADRC inertia control: Transient inertia support was provided to
the DFIG, which was operated with ADRC-based inertia control. FLC-ADRC inertia control:
Transient inertia support was provided to the DFIG, which operated with FLC-ADRC-based
inertia control.
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4.1. Case I: Frequency Decrease

When the system frequency deviation was more than 0.03 Hz, the proposed virtual
inertia control method engaged. Figures 7-10 show the operation performance of the wind
power system under different control methods when the system frequency decreased.

T T T T
— PD Inertia Control
50.05 - —-=-=ADRC Inertia Control
— — —~FLC-ADRC Inertia Control
50 =
N .
I 49.95+ 7 1
=
a
49.9 - ]
Y
49.85 - \/ q
L . . . .
59.5 60 60.5 61 61.5 62

ts

Figure 7. Simulation results for grid frequency.
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Figure 8. Simulation results for active power.
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Figure 9. Simulation results for DFIG rotor speed.
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Figure 10. Simulation results for the output power of the ESS.

Figure 7 shows the simulation results for grid frequency when the system frequency
was decreased under several methods of control. It can be observed that the system
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frequency dropped from 49.99 Hz to 49.82 Hz under traditional PD inertia control. If
the ADRC-based inertia control method was activated, the system frequency dropped
from 50.00 Hz to 49.83 Hz. Compared with the traditional virtual inertia control strategy;,
the frequency nadir increased by 0.2%. Once the FLC-ADRC-based control method was
activated, the system frequency dropped from 50.00 Hz to 49.85 Hz, and the frequency
nadir increased by 0.6%.

Figure 8 shows the simulation results about active power response once the PD inertia
control, ADRC inertia control, and FLC-ADRC inertia control were activated at 60 s. This
is because the inertia control methods based on the ESS provide inertial support for the
power system by releasing ESS energy.

Figure 9 shows the simulation results for DFIG rotor speed under several methods
of control when the system frequency was decreased. It is evident that the rotor speed
did not decrease under different inertia control methods at 60 s since the ES-based inertia
emulation method provided inertia support.

Figure 10 shows simulation results for the output power of ESS when the system
frequency was decreased under several methods of control. It is evident that the power
released by traditional PD inertia control, ADRC inertia control, and FLC-ADRC inertia
control increased, and the FLC-ADRC-based control method provided frequency support
with higher inertia power. Simulation results showed that traditional PD inertia control
effectively suppressed the frequency drop by releasing the energy of the ES when the
system frequency decreased. Compared with traditional PD inertia control, ADRC inertia
control reduced the peak value of the frequency drop. The improved FLC-ADRC control
method based on ADRC made the control effect more obvious, and the activation and exit
speed of the energy storage device was faster. Therefore, the proposed FLC-ADRC inertia
control method can provide better inertia support by releasing the energy of the ESS.

4.2. Case II: Frequency Increase

When the system frequency deviation was more than 0.03 Hz, the proposed virtual
inertia control method engaged. Figures 11-14 show the operating performance of the
wind power system in which the system frequency was increased under several methods
of control.

T T
PD Inertia Control
502 ~-=-~ADRC Inertia Control
A — — —~FLC-ADRC Inertia Control
50.15 i
[\
[\
[\
N 501 R
T | W
= i Y
50.05 | N
i AN
j N
50 F————==d X, e
49.95 -
| . . .
59.5 60 60.5 61 61.5 62

ts

Figure 11. Simulation results for grid frequency.
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Figure 12. Simulation results for active power.
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Figure 13. Simulation results for DFIG rotor speed.
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Figure 14. Simulation results for output power of ESS.

Figure 11 shows the simulation results for grid frequency under several methods of
control when the system frequency was increased. It is evident that the system frequency
rose from 50.00 Hz to 50.18 Hz under traditional inertia control of the PD. If the inertia
control method ADRC-based was activated, the system frequency rose from 50.00 Hz to
50.17 Hz. Compared with the traditional virtual inertia control strategy, the frequency
zenith was reduced by 0.2%. Once the FLC-ADRC-based control method was activated,
the system frequency rose from 50.00 Hz to 50.15 Hz, and the frequency zenith was
reduced by 0.6%.

Figure 12 shows the simulation results for the active power response of the DFIG
under several methods of control when the system frequency was increased. It is evident
that the response of active power was observed once the PD inertia control, ADRC inertia
control, and FLC-ADRC inertia control were activated at 60 s since the inertia control
method based on ESS realized inertia support by a charging operation of the ESS.

Figure 13 shows the simulation results of DFIG rotor speed under several methods of
control when the system frequency was increased. It is evident that the rotor speed did
not change significantly under different inertia control methods at 60 s since the ES-based
inertia emulation method realized inertia support.

Figure 14 shows the simulation results for the output power of the ESS under several
methods of control when the system frequency increased. It can be seen that the power
absorbed by traditional PD inertia control, ADRC inertia control, and FLC-ADRC inertia
control increased, and the FLC-ADRC-based control method realized frequency support
with higher inertia power.

Simulation results showed that traditional PD inertia control effectively suppressed
the frequency increase by charging the ES energy when the system frequency was increased.
Compared with traditional PD inertia control, ADRC inertia control reduced the peak value
and speed of frequency variation. The improved FLC-ADRC control method based on
ADRC made the control effect more obvious. Therefore, the proposed FLC-ADRC control
method can implement better inertia support for the power grid.
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4.3. Case I1I: Frequency Decrease with Measurement Noise

In this case, the measurement noises were considered, where white noise with a stan-
dard deviation of +0.02 Hz was given to emulate the influence of frequency measurement
noise. It can be seen that the effect of FLC-ADRC was better than that of ADRC. Thus, the
ADRC inertia control method is not related for this case. The PD inertia control method
and the proposed virtual inertia control method were not activated unless the system
frequency deviation was more than 0.03 Hz. Figures 15-18 show the operating performance
of the wind power system under different control methods when the system frequency was
decreased with measurement noise.

50.156 T T
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----- PD Inertia Control (without noise)
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Figure 15. Simulation results for grid frequency considering measurement noise of control system.
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Figure 16. Simulation results for active power considering measurement noise of control system.
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Figure 17. Simulation results for DFIG rotor speed considering measurement noise of control system.
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Figure 18. Simulation results for output power of the ESS considering measurement noise of the
control system.

Figure 15 shows the grid frequency considering the measurement noise of the control
system when the system frequency was decreased. It is evident that in the absence of
noise, the system frequency was reduced from 50.00 Hz to 49.84 Hz under traditional
PD inertia control. However, when the system frequency decreased with measurement
noise, the measurement noise dramatically affected the PD inertia control performance
that, brought about a system frequency fluctuation of 50.00 Hz to 49.80 Hz with obvious
glitches. However, the performance of FLC-ADRC inertia control was less affected by the
noise situation. In the absence of noise, the system frequency was reduced from 50.00 Hz to
49.85 Hz under FLC-ADRC virtual inertia control. When the system frequency decreased
with measurement noise, the situation affected the performance of the FLC-ADRC inertia
control less and induced a system frequency fluctuation of 50.00 Hz to 49.83 Hz with
glitches. After the FLC-ADRC inertia control method was activated, compared with the
case without noise signal, the frequency nadir was similar to measurement noise.

Figure 16 shows the active power considering the measurement noise of the control
system when the system frequency was decreased. It is evident that the response of active
power was observed once the PD inertia control and FLC-ADRC inertia control were
activated at 60 s since the ES-based inertia control method provided inertia support by
releasing the stored energy.

Figure 17 shows the DFIG rotor speed considering the measurement noise of the
control system when the system frequency was decreased. It is evident that the rotor speed
did not decrease under different inertia control methods at 60 s since the ES-based inertia
emulation method provided inertia support.

Figure 18 shows the output power of the ESS considering the measurement noise
of the control system when the system frequency decreased. When the system had an
absence of measurement noise, the output power of the ESS under the FLC-ADRC virtual
inertia control method was more than the output power under the PD inertia control in the
absence of measurement noise. When the system had measurement noise, compared with
the traditional inertia control of the PD method, the FLC-ADRC inertial control method
better released the output power provided by the ESS.

Simulation results showed that the proposed FLC-ADRC inertia control method im-
proved the anti-noise performance of the system when the system frequency was decreased
with the measurement noise.

5. Conclusions

The power converter-interfaced wind turbine fails to inherently provide inertia sup-
port due to the decoupling of the wind generator and the power grid. This paper presented
an FLC-ADRC-based inertia control strategy for a wind farm. The design guidelines of the
ADRC controller were first established for a wind turbine to perform inertia support. Then,
fuzzy rules were integrated into the ADRC controller. An extended state observer was
adopted to estimate the rate of change in the system frequency in this FLC-ADRC controller,
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which was able to effectively address the interference from noise in the measurement of the
rate of frequency change. The simulation results showed that the proposed FLC-ADRC
method improved the operational performance of the inertia control system and improved
the interference rejection capability against external disturbance and measurement noises.
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