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Abstract: As the penetration rate of wind power systems is rising, which causes the overall system’s
inertia to decline, the power system’s capacity to regulate frequency will be negatively affected.
Therefore, this paper investigates the inertia control of doubly fed induction generation, and an
energy storage system is installed in the wind farm to respond to the frequency deviation. First,
a fuzzy control-based virtual inertia adaptive control strategy is presented. The goal of dynamic
adjustment of the virtual inertia coefficient is realized by taking into account the uncertain factors of
wind speed and frequency change rate. A recovery strategy based on the energy storage system’s
level of charge is employed to prevent overcharging and over-discharging of the battery. Then,
a weight factor based on frequency deviation is introduced to combine the droop output of the energy
storage system with the virtual inertia output of the doubly fed induction generation, and the joint
output mode of the wind storage system is determined in each stage of primary frequency regulation.
Finally, the simulation verification is performed using the wind storage system simulation model
created by MATLAB. The comparison results with other control methods prove that the proposed
method is effective.

Keywords: DFIG; ES; fuzzy control; virtual inertia; SOC

1. Introduction
1.1. Motivation and Incitement

The percentage of wind power in the electricity system is gradually rising in light of
today’s increasingly serious energy and environmental pollution issues [1]. However, a lot
of wind power access will result in the phenomenon of insufficient frequency modulation
and anti-disturbance ability of the power system, which will substantially create large-scale
blackouts due to the extremely unstable wind energy. Therefore, double fed induction
generation (DFIG) must incorporate frequency support capabilities, including inertial
response and primary frequency modulation, in order to assure the safe and stable operation
of large-scale wind power grid-connected systems. The current theoretical study mainly
concentrates on DFIG inertial control and primary frequency modulation control to obtain
better control effects with regard to the frequency modulation problem of DFIG. In order
to ensure the balance and continuity of its power supply, the energy storage device has
become a key supporting component of wind power and photovoltaic power generation
systems [2]. Moreover, the energy storage battery can achieve a complete balance of system
power under any circumstance because of its high control accuracy and fast response speed,
and using energy storage (ES) technology to counteract the inertia of wind farms has seen
positive application outcomes in recent years and has drawn a lot of interest from specialists
and academics.
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1.2. Literature Review

In order to reduce system frequency fluctuation caused by wind turbine integration,
scholars both at home and abroad have paid close attention to the virtual synchronous
generator control strategy [3-5]. The concept of virtual inertia was proposed in [6]; when
frequency mutation occurred, a large amount of inertia was virtualized to perform fre-
quency modulation by releasing or storing rotational kinetic energy in the unit. The inertial
response temporarily released the kinetic energy stored in the rotating mass to prevent the
frequency of initial disturbances from decreasing [7,8]. A comprehensive control scheme
combining primary frequency modulation and virtual inertia was proposed in [9-11]. The
simulation analysis showed that this method could support system frequency stability,
but because the maximum power point tracking (MPPT) of DFIG was compromised, the
frequency modulation effect was somewhat diminished.

When the power system’s frequency fluctuates, the ES device in the wind power
generation system has some inertial support capability. The virtual inertia control of a wind
farm, aided by an ES device, cannot only effectively improve wind farm frequency stability
but also solve the problem of coordination and communication between each unit in a wind
power generation system. In [12], an ES system was used to help the wind turbine increase
its inertial response capabilities, which improved the DFIG-ES system’s overall ability to
regulate frequency but resulted in the second drop in system frequency. In reference [13],
ES was implemented in the wind farm’s AC bus to reduce frequency fluctuations in the
DFIG and so prevent a secondary frequency drop brought on by rotor speed recovery;
because ES only supplies the necessary energy during rotor speed recovery or compensates
for the insufficient DFIG supply, its enormous potential is underutilized. In order to make
full use of wind energy and ES, the authors in [14] suggested a control approach using
system frequency deviation and frequency change rate to offer bidirectional active power
input. In [15], ES was used only for quick frequency responses, whereas DFIG was run
in MPPT mode and did not react to frequency changes. However, these management
measures shorten the useful life of ES and raise its maintenance costs. The authors in [16]
proposed a serial and parallel optimal control strategy based on a DFIG-ES system, which
takes the economy and system frequency modulation performance into account to some
extent. Overall, the previous research work does not account for the effect of wind speed
variations on the system’s frequency modulation effect that can enable DFIG and ES to
respond to frequency perturbations to the maximum extent possible at any wind speed.

Combining the advantages and disadvantages of the above literature, the paper is
devoted to proposing a frequency modulation method that enables the wind storage system
to respond quickly to suppress the system frequency fluctuation when it is disturbed. In
addition, the frequency modulation method also needs to make full use of energy storage
resources to avoid overcharging and over-discharging, thereby prolonging the service life
of energy storage batteries and reducing system costs.

1.3. Contribution and Paper Organization

In this paper, a coordinated control scheme of the DFIG-ES system based on fuzzy
control is proposed. In Section 2, a mathematical model of the DFIG-ES system is estab-
lished. To realize that the virtual inertia coefficient of DFIG can change with wind speed,
a fuzzy control method is used for the design in Section 3.1, namely, an adaptive virtual
inertia parameter controller that takes wind speed and the system frequency change rate
into account. To avoid overcharging and over-discharging of the ES battery while assisting
the virtual inertia control of the wind turbine, a state of charge (SOC) ES system recovery
strategy is designed in Section 3.2, which keeps the state of charge within a reasonable
range, thus extending the service life of the ES battery. To fully utilize wind energy and ES,
the joint output mode of the DFIG-ES system is determined in each stage of primary fre-
quency regulation in Section 3.3, and the coordinated operation of the two control methods
is achieved. In Section 4, evaluation indexes are given to compare the performance of the
simulation results. Finally, based on the simulation model and simulation results of the
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DFIG-ES system built by MATLAB, the effectiveness of the proposed method is verified

by comparing it with other control methods in Section 5. Table 1 represents all the related
variables involved in the paper.

Table 1. Related variables involved in the paper.

Variable Meaning Variable Meaning
f/Hz Frequency On/pu Rated capacity of ES
Afm/Hz Maximum frequency deviation Pgs/pu Charge and discharge power of ES
t/s time Upw/Mm/s Wind speed
Atm/s Time for maximum frequency deviation dAf/ At Frequency change rate
Pyippr/pu Output power instruction of MPPT control link Igre/A Charge and discharge current of the ES battery
APy /pu Active signal of virtual inertial control Qsoc/pu SOC value
Ky Virtual inertia proportional coefficient AQsoc/pu SOC deviation
AP./pu Power provided by the ES system APg/pu Primary frequency modulation output
Af(s)/Hz Frequency dev12§gr:) iltir;aé litd the input signal a0 B Weight factors
kpf Primary frequency modulation coefficient 2Mfset/Hz Set frequency deviation critical value
T./s Response time constant of the ES APy, /pu Rotor kinetic energy variation
So/% Initial value of SOC of ES battery Aw:/pu Wind wheel speed variation

2. Model System
2.1. Model System

Figure 1 shows the DFIG-ES primary frequency control model. To provide the same
inertia response as the traditional unit, a frequency control link is added to the DFIG
active power control connection. To support the steady functioning of the power system
frequency, the virtual inertia coefficient is dynamically adjusted using the fuzzy control
approach. The ES device is used to assist the wind farm with virtual inertial control during
the inertial response stage. The ES system’s participation in the frequency modulation
process is increasing, which achieves the goal of reducing the ES output, effectively main-
taining the ES’s SOC and avoiding the phenomenon of battery service life reduction due
to overcharging and over-discharging [17]. Simultaneously, it can mitigate the negative
impact of ES on the system when SOC exceeds the upper or lower limit.
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Figure 1. Primary frequency modulation control model of wind energy storage system.

2.2. DFIG System

The control part of DFIG includes an MPPT control part and a frequency modulation
control part based on virtual inertia control [18]. The wind turbine output power instruction
Pref correspondingly includes two parts, which can be written as follows:

Prer = Pumppr + APy @
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where Py ppr is the output power instruction of the MPPT control link; APy is the active
signal of virtual inertial control, which can be obtained according to the change rate of
system frequency:

APy, = —K¢dAf/dt )

where K; is the proportional coefficient; f is the frequency; t represents time. When the
system is disturbed, virtual inertia control can quickly make an active output response by
detecting the frequency change.

2.3. ES System

Using the ES system to compensate the virtual inertia control of the wind turbine
can improve the energy utilization rate of the ES battery, significantly reduce the power
system’s rotating reserve capacity, and achieve the goal of lowering the overall system
cost [19]. Droop control is commonly used in ES systems to participate in system frequency
modulation. The frequency characteristic control model expression of ES can be written
as follows:

Ge(s) = APc(s)/Af(s) = —kps/ (Tes +1) (3)

where AP, is the power provided by the ES system; Af(s) is the frequency deviation signal
at the input signal end of the grid based on the droop control strategy of the ES system; k¢
is the primary frequency modulation coefficient; T, is the response time constant of the ES.

Since SOC is closely related to parameters such as voltage, current, and internal
resistance[20], the power of the ES battery can be described by SOC, which can be written
as follows:

Ssoc = So — (1/Qn)/ Pgsdt (4)

where Sy is the initial value of SOC of ES battery; Q, is the rated capacity of ES; Pgg is
the charge and discharge power of ES, and the discharge meter is positive. If the SOC is
less than the lower limit, the discharge power must be limited within a certain range, but
charging is not restricted; if the SOC exceeds the upper limit, the charging power must
be limited, but charging is not restricted; and the SOC in the middle area can charge and
discharge normally.

3. Proposed Method
3.1. Virtual Inertial Control

The triangular membership function and Mamdani fuzzy controller with a simple form
and good control effect were used in this paper, and the centroid method was used to deblur.
In this study, the wind speed vy, (7-12.5 m/s) was set as one of the fuzzy controller’s input
signals, and the frequency change rate dAf /At (—1-1 Hz/s) was established as another
input signal in accordance with the power system’s needs for frequency modulation.
The membership functions of input and output signals were examined for seven fuzzy
subsets [21]. The fuzzy subsets of dAf /At were composed of {NL.NM,NS,Z0,PS,PM,PL},
and the fuzzy subsets of the v;, signal were composed of {FL,FM,FS,F0,ZS,ZM,ZL}. The
system will change the virtual inertia proportional coefficient K (0.1-1) in real time in
response to various wind speed and frequency difference signals in accordance with the
planned fuzzy rules, and {VL,ML,SL,M,SH,MH,VH} make up its fuzzy set. The membership
functions of input variables and output variables are shown in Figure 2.

Table 2 represents the fuzzy rule, and Figure 3 displays the outcomes of the fuzzy
control system’s inference. The minimum frequency modulation output (VL) should be
used when the DFIG system operates in the low wind speed (FL) region, regardless of the
frequency change rate; the active frequency modulation power of the DFIG increases with
the increase in wind speed after the wind speed gradually increases to the middle wind
speed ranges; the wind turbine can resist larger frequency modulation sharing in the high
wind speed (ZL) region; at this point, the upper-middle (MH) level of the DFIG’s minimum
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frequency modulation output is reached, and it is subsequently modified in accordance
with the frequency change rate.
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Figure 2. Membership function.

Table 2. Fuzzy logic rules for controller.

K Jw

f FL FM FS FO ZS ZM 7L

NL VL M SH MH VH VH VH

NM VL SL M MH VH VH VH

NS VL SL M SH VH VH VH

dAf/ At 70 VL ML SL SH MH VH VH
PS VL ML SL M MH MH VH

PM VL VL ML SL SH MH MH

PL VL VL ML SL M SH MH

s o= o
' =] L+ ]

Virtual inertia coefficient
=
L&)

o
05
dAf/At (Hz/s) 4 7 8 Wind speed (m/s)

Figure 3. Result of fuzzy logic inference of fuzzy control.

3.2. SOC Recovery Strategy

Although the operation of the ES system can compensate for the virtual inertia con-
trol of the wind turbine to some extent, it can also prevent the occurrence of dangerous
conditions such as the secondary drop in grid frequency [22,23], However, because the
current energy storage application scale is still very small relative to the grid capacity, if the
maximum power coefficient is always used, the limit of the SOC of energy storage is easily
exceeded. In order to solve this problem, the output of energy storage can be appropriately
reduced when the SOC is too high or too low, or the charging and discharging coefficient of
energy storage can be dynamically adjusted to achieve the purpose of reducing the output
of energy storage. On the one hand, it can make the energy storage better maintain the SOC
and prevent the energy storage battery from overcharging and over-discharging affecting
the battery service cycle; on the other hand, it can effectively avoid the adverse effects of
energy storage on the system when the SOC exceeds the limit.
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Based on the introduction of inertial control [24], this paper charged and discharged
the energy storage battery, simplified its control function, and made the adaptive control
law achieve a better frequency regulation effect. As a result, this paper divided SOC into
five regional ranges: [0, 0.1], [0.1, 0.3], [0.3, 0.7], [0.7, 0.9], and [0.9, 1]. When the frequency
deviation amplitude is within the set frequency deviation threshold range and the Qsoc
exceeds the set SOC upper limit or upper limit, the SOC recovery signal is triggered, and
the constant current charge and discharge will be performed according to the following
formula to achieve SOC recovery:

1, Qsoc € [0.7,1]
(QSOC — 0.6)/0.1, Qsoc € [0.6, 0.7]
Igre = ¢ 0, Qsoc € [0.4, 0.6] 5)
(0.4 — Qsoc) /0.1, QSOC S [0.3, 0.4]
-1, Qsoc € [0, 0.3]

where Iggg is the charge and discharge current of the ES battery during SOC recovery, and
Qsoc is the SOC value.

3.3. Coordinated Control

Considering that the virtual inertia control has a better suppression effect on dAf, and
the ES system droop control has a better suppression effect on Af, the weight factor was
introduced to balance the output ratio of the two control methods and enable the DFIG-ES
to participate in the primary frequency modulation process of the power grid [25,26]. The
virtual inertia output of the wind power system and the droop output of the ES system
make up the primary frequency regulation output of the DFIG-ES at any given time, which
can be written as follows:

APg = aAP. 4 BAPy (6)

where APk is the primary frequency modulation output of DFIG-ES, and « and f are the
weight factors for the primary frequency modulation droop output and virtual inertia
output, respectively. The output ratio of the droop output and virtual inertial output must
be configured sensibly and flexibly in order to satisfy the power grid’s requirements for
frequency regulation. Because of this, this paper designed the frequency deviation, which
can be expressed as follows:

. 0.5+ [Af|/(28fset) 0 < [Af] < 2Afset @)
- 1.5 |Af| > 2A fet

(15— [Bf1/(20 ) 0 |Af] < 28fe
b= { 05 AR > 20 ®)

where 2Af et is the set frequency deviation critical value. Based on the frequency deviation,
the system can reasonably control the droop output of the ES system and the proportion of
the virtual inertia output of the DFIG. When the frequency deviation is small, the proportion
of the virtual inertia output is increased to achieve the goal of system stabilization. In
the case of a large frequency deviation, the proportion of the ES system’s droop output is
increased to achieve the goal of rapid frequency recovery.

4. Evaluating Indicator

In this paper, the maximum frequency deviation Afy, and its corresponding response
time Aty were used to evaluate the control strategy’s frequency modulation effect [27],
and the SOC deviation AQsoc after 200 s of long-term charge and discharge was used to
evaluate the control strategy’s SOC maintenance effect. The lower the Afy, value, the better
the frequency modulation effect; the smaller the Aty,, the faster the frequency response
capability, the stronger the grid frequency modulation capability, and the better the grid
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frequency stability. The smaller the amplitude of AQsoc, the better the control strategy’s
SOC maintenance effect.

5. Simulation Results
5.1. The Dynamic Response at Different Wind Speeds

The simulation platform in this paper was built using MATLAB(R2021a)/Simulink
software. The power supply for the simulation system had an installed capacity of 600 MW,
with the wind power penetration rate set to 25% and the initial value of the state of charge
set to 0.8.

Figure 4 shows the adaptive fluctuation curve of virtual inertia coefficient under wind
speed. The virtual inertia coefficient varied in response to wind speed. The virtual inertia
coefficient was intended to be larger at high wind speeds to allow the DFIG to release
more kinetic energy in the case of a rapid reduction in system frequency; the virtual inertia
coefficient was set to be smaller at low wind speeds to maintain steady operation of the
DFIG. Therefore, the control strategy suggested in this paper could dynamically adjust
the virtual inertia coefficient in accordance with the change in wind speed, ensuring the
smooth and reliable operation of the DFIG in the frequency regulation process under low
wind speed conditions while also enhancing its capability to support frequency under
operating conditions of high wind speed.

12
0.8 =
104 5
E Lo6 §
4 E
2 6 0.4 =
=i <
= g
E

4 Vw 02

K,
2 T T T 00
0 50 100 150 200

Time (s)

Figure 4. The adaptive fluctuation curve of virtual inertia coefficient under simulated wind speed.

Figure 5 and Table 3 show the comparative curves of DFIG frequency variations for
different wind speeds, namely, 12 m/s (strong wind), 10 m/s (medium wind), and 8 m/s
(low wind), under the control strategy proposed in this paper. During the simulation run
up to 400 s, there was a load step disruption of 0.1 pu. The system frequency decreased
by 0.27 Hz at the low wind speed zone (8 m/s), where the simulation was run for up to
400.85 s. The virtual inertia parameter was set to only 0.17 to guarantee reliable functioning
of the turbine in the low wind speed region. When a medium wind speed signal (10 m/s)
was provided, the simulation reduced the system frequency by 0.23 Hz at 400.95 s and
increased the virtual rotational inertia parameter to 0.6. When the DFIG was run in the
high wind speed region (12 m/s), the system frequency only dropped by 0.194 Hz after the
simulation was runs to 401.14 s, and its virtual rotational inertia parameter was raised to
0.85. The fuzzy variable parameter virtual inertia control strategy proposed in this paper
could effectively compensate the inertia of the wind power system under different wind
speed conditions and improve the system’s frequency operation characteristics.
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Figure 5. Frequency response curves of the system with different wind speeds.

Table 3. Comparison of different wind speeds.

Wind Speeds Af/Hz Atls Ky
8m/s 0.27 0.85 0.17
10m/s 0.23 0.95 0.6
12m/s 0.194 1.14 0.85

5.2. System Dynamic Response during Load Surges

The generation and load were dynamically balanced at the initial moment; the system
frequency was 50 Hz, and the input wind speed was set to 9 m/s. At 400 s, a load step
disturbance of 0.1 pu occurred in the system. The proposed control strategy in the paper
was compared with other three reported strategies: Case 1, wind power system without
frequency modulation [28]; Case 2, wind power system with fixed virtual inertia coefficient
frequency modulation [29]; Case 3, frequency modulation with fixed output ratio fuzzy
control [30]; and Case 4, the proposed control.

Figure 6 and Table 4 show that when the DFIG did not take part in grid frequency
regulation, it did not need to provide active support through energy output, so its speed
was constant. When the DFIG took part in frequency regulation, regardless of whether the
virtual rotational inertia parameter was constant or dynamical, as long as the DFIG was in
a stable working condition, it released the kinetic energy of the rotor by reducing the speed
of the wind wheel, thereby providing energy support for the system power. The fuzzy
control method proposed in this paper reduced the speed variation to 0.7393 pu during the
DFIG frequency dynamics, thus enabling the DFIG to rapidly increase the active output to
0.218 pu, which played a significant role in inertial support for the system.

0.24

0.16
0.08+

AP, (pu)

0.00
-0.081
0.753
0.750
_0.7471
2
= 0.744
3

0.7411

0.738+
399 400 401 402 403 404 405 406 407

Time (s)

casel
case2
cased

Figure 6. Dynamic response curves of the system under different control strategies.
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Table 4. Comparison of different control strategies.
Control Strategies APy /pu Aw,/pu Afi/Hz At,,ls AQsoc
Case 1 0 0 0.3792 0.900 -
Case 2 0.152 7.5 x 1073 0.3652 0.910 -
Case 3 - - 0.2449 1.025 0.5684
Case 4 0.218 10.8 x 1073 0.1938 1.144 0.4260

Figure 7 and Table 4 show that the DFIG-ES frequency rapidly decreased to its lowest
point when the wind power system was not engaged in frequency modulation, with a peak
frequency deviation of 0.3792 Hz and a frequency drop speed of 0.4210 Hz/s. The DFIG
participated in frequency regulation for the other three frequency control methods, lowering
the lowest point and speed of the system frequency drop. A peak frequency deviation of
only 0.1938 Hz and a drop speed of only 0.1694 Hz/s were shown to have damped the
system’s frequency change rate to some extent over time, further enhancing the system’s
frequency characteristics and successfully suppressing the frequency deviation. When
compared to the other three primary frequency modulation control methods, the proposed
frequency modulation control technique may also have alleviated the secondary frequency
drop, allowing the system frequency to reach the required level of 0.2 Hz more quickly.

50.0

49.9 1

49.8 1

Frequence (HZ)

casel
case2
case3
case4

49.7 4

49.6 T T T T T T
398 400 402 404 406 408 410

Time (s)

Figure 7. Frequency response curves of the system with different control strategies.

Figure 8 and Table 4 show that when using the fixed output ratio fuzzy control
frequency modulation strategy, the SOC deviation amplitude was 0.5684 after the 400 s
step load disturbance, which consumed more power, had a poor SOC maintenance effect,
and easily caused the ES battery to overcharge and over-discharge; in contrast, when using
the strategy of this paper, the AQsoc deviation amplitude was 0.426, which consumed less
power, indicating that the SOC maintenance effect was the best; however, the response
time was slightly longer, and the maximum frequency deviation of Afy, was significantly
lower than the other methods, suppressing the significant drop in frequency.

It should be noted that the above simulation experiments could demonstrate the
effectiveness of the coordination control strategy suggested in this paper because the step
change operations were the most hazardous conditions for the system, and if the system
performance parameters could meet the requirements under these condition, they could
also meet the requirements under other disturbance conditions.

Because this paper only interfered with the system under fixed wind speed, the
comparison waveform of each variable of the system under different frequency modulation
strategies was obtained, and only the simulation comparison of the system frequency under
different wind speed modes. Next, we will carry out a simulation comparison of other
variables in the system under different wind speed modes to better verify the applicability
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of the control strategy proposed in this paper in the actual situation of wind power grid
operation and control.

1.0

0.8

0.6 1

AQSOC

0.4 4

case3

021 case4

0.0

400 450 500 550
Time (s)

Figure 8. SOC waveform curves under different control strategies.

6. Conclusions

The dynamic stability of the system frequency will be impacted as more wind power
is put into use, as will a weakening of the system’s moment of inertia. In this study,
it is suggested that a coordinated DFIG-ES control method based on fuzzy control can
somewhat increase the wind power generating system’s capacity for frequency support.
The following results are drawn from a simulation analysis of several control strategies.

The adaptive fuzzy control approach proposed in this study allows the virtual inertia
coefficient to be dynamically modified according to wind speed fluctuations, resulting
in smooth DFIG operation at low wind speeds and adequate energy support at high
wind speeds.

The DFIG-ES coordinated control strategy can better respond to frequency changes
and enhance the primary frequency modulation capability of the DFIG, achieving the
objectives of improving the frequency response characteristics of the system and lowering
the steady-state frequency difference of the wind storage system.

The strategy proposed in this paper differs from traditional DFIG inertia control
strategies in that it allows the DFIG and the ES system to complement each other. The SOC
is also kept within a reasonable range by using weighting factors to control the proportion
of the ES system’s droop output and virtual inertia output, it improves the utilization rate
of energy storage battery, and it has certain reference value for prolonging the service life
of the energy storage battery and reducing system costs.

7. Discussion

In this paper, the traditional primary frequency modulation method of a wind storage
system is optimized, and a coordinated control strategy based on fuzzy control of a wind
storage system is proposed, which achieved certain results. To further test the effectiveness
of the proposed method, the coordinated control strategy proposed in this paper can
subsequently be used to simulate and analyze different types of working conditions such as
random load disturbance conditions and transient short circuit fault conditions. In addition,
there are still some areas for improvement in this control strategy. For example, it will
still cause secondary fluctuations in the system frequency. Subsequently, the secondary
frequency modulation method of the DFIG-ES system can be studied.
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Abbreviations

Abbreviation Full Name

DFIG Double fed induction generation
ES Energy storage

MPPT Maximum power point tracking
SOC ES system state of charge
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