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Abstract: With the high penetration of wind power, the power system has put forward technical
requirements for the frequency regulation capability of wind farms. Due to the energy storage
system’s fast response and flexible control characteristics, the synergistic participation of wind
power and energy storage in frequency regulation is valuable for research. This paper established
a frequency characteristic model of a power system, including wind power and energy storage,
and analyzed the influence of different frequency regulation methods on system stability. Based on
the established model, a fuzzy PID-based energy management strategy was designed for different
disturbance scenarios, which offered the advantages of simple parameter design and easy online
operation of the project. This paper used a case based on the actual parameters for verification.
The energy storage, rated at 10% of the wind farm’s rated power, provided 56% frequency drop
suppression and 89% frequency fluctuation rate suppression, according to the proposed model in
this paper. The proposed fuzzy PID control strategy achieved adaptive control of the controller
parameters under strong disturbances and was able to provide an additional frequency rejection
capability of 10–25%.

Keywords: energy storage; wind power; frequency regulation

1. Introduction

The increasing penetration of wind power in the power system poses a challenge to
the frequency stability of the grid. On the one hand, the power stochasticity of wind power
adds disturbances to the power system. On the other hand, the large-scale grid integration
of wind power generation replaces conventional generating units that provide frequency
regulation capability, reducing the system’s inertia constant and frequency regulation
reserve capacity. Around the world, wind farms in regions with a high penetration of
new energy sources present technical requirements for frequency response and regulation
capability [1,2].

With the developmental f wind turbine technology, wind turbines can participate in
the frequency regulation of the grid. Reference [3] proposed an integrated inertia support
method based on doubly fed asynchronous wind turbines, which supplement the rotating
power of low-inertia power systems. A wind turbine pitch control based on the root
trajectory method was proposed by [4]. Reference [5] proposed a nonlinear wind power
model based on frequency perturbations to control the energy of wind turbines. However,
there are certain shortcomings attributed to the participation of wind turbines in grid
frequency regulation. Reference [6] argues that the response performance of energy storage
involved in frequency regulation is limited by the mechanical structure of the wind turbines
and that excessive involvement of a wind turbine in frequency regulation poses a risk of
damage to the turbine itself. Results from [7] show that some wind energy is wasted during

Batteries 2023, 9, 117. https://doi.org/10.3390/batteries9020117 https://www.mdpi.com/journal/batteries

https://doi.org/10.3390/batteries9020117
https://doi.org/10.3390/batteries9020117
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/batteries
https://www.mdpi.com
https://orcid.org/0000-0001-5085-4635
https://doi.org/10.3390/batteries9020117
https://www.mdpi.com/journal/batteries
https://www.mdpi.com/article/10.3390/batteries9020117?type=check_update&version=2


Batteries 2023, 9, 117 2 of 20

the frequency regulation process because the wind turbine can only use the energy stored
in the rotor.

Energy storage systems are applied to wind farms to help maintain the frequency
stability of the system after wind power is connected to the power system. The energy
storage system has the technical characteristics of fast response, flexible control, and stable
operation and is not constrained by the operating state of the wind turbine [8–11]. Refer-
ence [12] shows that energy storage systems can respond quickly to frequency disturbances
caused by new energy generation and loads under the dispatch of the power system. The
research results of [13] show that the coupled wind power and energy storage systems
demonstrate complementary characteristics in the process of frequency regulation. Refer-
ence [14] analyzed the economics of the complementary wind power and storage regulation
system. The researchers of [15] designed a virtual inertia-based energy storage operation to
cope with the demand of a high percentage of new energy penetration. Therefore, energy
storage is well suited to act as a supplement to frequency regulation resources in high
penetration areas of wind power.

At this stage, research on the separate participation of wind turbines in frequency
regulation is relatively mature. The aggregation model for wind power plants established
by [16] provides an explicit representation of the regulated power provided by the wind
turbine under different operating conditions. The results of [17] regarding the inertial
response and drop characteristics show that the external characteristics of wind power can
provide good support to the power system, especially in the case of frequency disturbances.
At this stage, the synergistic participation of wind power and energy storage in frequency
regulation is mainly directed to the capacity configuration, while the principle of action is
less often studied. The researchers of [18,19] fixed the capacity of energy storage involved
in frequency regulation from the perspective of standby power and inertial response. The
researchers involved in [20] performed collaborative energy storage planning based on
frequency constraints under a high penetration of new energy sources. Reference [21]
proposed an energy storage planning technique based on a spatiotemporal model of wind
power generation, which improves the overall economics of the system.

When wind power and energy storage are collaboratively involved in frequency
regulation, the control technique becomes critical to the system’s operational efficiency. Ref-
erence [1], which studied the operation mode of battery participation in frequency, showed
that the method of response to different frequency disturbances affects the operating cost of
energy storage. The researchers proposed a filter-based energy storage operation strategy
to reduce unnecessary storage power fluctuations. However, this method simultaneously
reduces the ability to respond quickly to disturbances. Reference [22] proposed a method
to adjust the sag coefficient and inertia control parameters according to the wind speed.
Reference [23] proposed a virtual inertia strategy improvement scheme based on model
predictive control. These methods can effectively improve the system response perfor-
mance to disturbances, but such methods require online wind prediction data for support,
enhancing the methods’ application difficulty. Reference [24] proposed a frequency reg-
ulation measurement using sliding film control and a disturbance observer to improve
the regulation accuracy, which uses a higher precision system model and involves more
variable parameters, limiting the application of the method in practical engineering.

This paper investigates the frequency response characteristics of the joint frequency
regulation of wind power storage. A frequency response model was established, containing
power, wind, and energy storage systems. The different frequency characteristics of inertia
control, pitch control, and energy storage were considered. Their complementary relation-
ships were used to achieve a fast response to frequency regulation in high-penetration areas
of wind power. For the complex structure of wind power and energy storage system, this
paper adopts a fuzzy PID controller to realize the adaptive control of frequency regulation.
The control scheme proposed in this thesis features a simple design, adaptive adjustment,
and online operation without the need for additional data. The feasibility of the theory is
verified via case simulation. The paper is structured as follows.
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Section 1 introduces the research background, reviews the existing research results at
this stage, and summarizes the main content and structure of this paper.

Section 2 presents the components of the power system containing energy storage and
wind power, including the prime mover and generator model, the frequency characteristics
model, the automatic speed regulation system model, the wind power model, and the
battery model. A transfer function model is used to characterize the response of each
component in the frequency regulation process.

In Section 3, the frequency regulation system is developed using the models mentioned
in Section 2, and the frequency regulation results are analyzed and compared for different
combinations of frequency regulation methods. A fuzzy PID controller is used to manage
the frequency regulation of the system based on the existing model.

In Section 4, actual data are used to simulate and verify the model and control method
proposed in this paper.

In Section 5, the theoretical analysis and simulation results are summarized.

2. Frequency Response Model for Power Systems with Wind Power and
Energy Storage

As the new energy power system contains several different power sources, the frequency
response model of each section was the basis for studying the frequency response of the power
system. This section analyzes the modeling of the components of the power system.

2.1. The Prime Mover and Generator Model

The prime mover is the energy base of the power system, and converts mechanical
or thermal energy into rotational kinetic energy. The rate of change of the power system
frequency is less than that of the prime mover’s power angle. The perturbation-based small
signal model can effectively analyze the prime mover’s frequency response characteristics.

The prime mover is often represented in power systems by an inertial system, the
structure of which is shown in the Figure 1.
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A generator is a device that converts the rotational kinetic energy provided by the
prime mover into electrical energy. The rotor of a generator retains a certain amount of
rotational inertia to maintain the power generated, as shown in Equation (1).

E =
1
2

Jω2
m (1)

where E is the generator rotor’s rotational power, J is the rotational inertia of the generator
rotor, and ωm is the generator speed.

The transient process of the generator is faster than the dynamic process of the prime
mover. When frequency fluctuations occur in the power system, the generator balances
power by converting rotational force into electrical energy according to the following
equation of state.

Pm − Pe =
dE
dt

= Jωm
dωm

dt
(2)

where, Pm is the generator’s mechanical power, and Pe is the generator’s electrical power.
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From the above analysis, it is clear that the rotational inertia of the generator mainly
influences the generator frequency fluctuations caused by the power imbalance. The inertia
constant H is defined as the ratio of the rotational kinetic energy E to the apparent nominal
power of the generator.

H =
Jω2

s
2S

(3)

The dynamic relationship between frequency fluctuations and motor speed can be
obtained by normalizing the difference between mechanical and electromagnetic power.

∆Pg =
Pm − Pe

S
=

Jωm
dωm

dt
Jω2

s
2H

= 2H∆ω
d∆ω

dt
(4)

where ∆Pg is per unit of power fluctuations and the base power is the apparent nominal
power of the motor. ∆ω is per unit of motor speed fluctuations, and the base speed is ωs.

As the power system’s frequency and the generator’s rotational speed are positively
correlated, the dynamic relationship between power fluctuations and frequency fluctuations
can be obtained by replacing the per unit of the rotational speed fluctuations and frequency.

∆Pg = 2H∆ f
d∆ f
dt

(5)

where ∆f is per unit of rotational frequency.
The Laplace transform obtains the frequency model transfer function of the generator.{

GM(s) = ∆ f
∆Pg

= 1
Ms

M = 2H
(6)

2.2. The Frequency Characteristic Model

The frequency characteristic model of a power system reflects the relationship between
the system power balance and frequency fluctuations. The load frequency characteristics
and generator frequency characteristics mainly influence this characteristic.

When the frequency fluctuation of the power system does not exceed a specific limit
around the rated value, the load frequency characteristic can be linearized, and the charac-
teristic curve is approximated to be a straight line.

∆Pf = D∆ f (7)

where ∆Pf is the per unit for change in load power affected by frequency, and D is the
load-damping factor.

When the power fluctuates, the generator’s frequency characteristics are influenced
by both its characteristics and external load characteristics. The frequency characteristics of
the power system can be obtained by considering the generator model and the load model
in conjunction.

∆Pg − ∆Pf = 2H∆ f
d∆ f
dt

(8)

The Laplace transform obtains the frequency characteristic model’s frequency modu-
lation transfer function, the structure of which is shown in the Figure 2.

GL(s) =
∆ f
∆P

=
1

Ms + D
(9)
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2.3. The Automatic Speed Control System Model

When the load on the power system increases, the generator output electromagnetic
power becomes greater than the input mechanical power, the generator speed drops, and
the power system frequency drops. The frequency detection system senses the frequency
change. The governor can adjust it to open the turbine valve (or turbine water flow valve)
to increase the mechanical power output of the prime mover, and making the system enter
a new steady state.

The governor uses differential speed regulation for power generation. The governor
works on an engineering equivalent to a first-order inertia function. The function of the
process is as follows.

∆Pgov =
PLre f − ∆ω

R
Tgovs + 1

(10)

where ∆Pgov is the power increase from the governor, PLref is the reference supply rate, and
Tgov is the inertia time constant of the governor. R is the droop factor and the structure of
which is shown in the Figure 3.
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For the generator to recover under power disturbances, a frequency regulator is
required for differential-free regulation. The process is equivalent to an integral, shown
as follows.

∆Pgen = −Kgen

∫
∆ωdt (11)

where Kgen is the frequency modulator integration constant. And the structure of which is
shown in the Figure 4.
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2.4. The Wind Power Model

A wind turbine is a device that converts wind energy into electrical energy. Wind
energy is a form of clean energy connected to the grid in large quantities. The wind turbines
capture wind energy as follows.{

Pwm = 1
2 ρSwv3Cp(λ, β)

λ = ωr
v

(12)

where Pwm is the wind power captured, ρ is the air density, Sw is the area swept by the
wind turbine, v is the wind speed, and Cp is the wind energy utilization factor. Meanwhile,
r is the radius of the wind turbine, λ is the tip speed ratio, and β is the pitch angle. The
equation to determine the wind turbine motion rotor of a wind turbine is expressed as:

Tm − Te − Dwωr = 2Hw
dωr
dt

Tm = Pwm
ωr

Te =
Pws
ωe

(13)

where Tm is the wind turbine’s mechanical torque, Te is the wind turbine’s electromagnetic
torque, and Pws is the electrical power of the turbine. Dw is the mechanical damping factor
of the wind turbine. And the structure of which is shown in the Figure 5:
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where, Hw is the rotational constant of inertia of the wind turbine, which can be shown
as follows:

Hw =
Jω2

e
2p2S

=
Jω2

r
2S

(14)

where ωr is the mechanical speed of the wind turbine, ωe is the electrical speed of the wind
turbine, and p is the pole pair of the wind turbine.

When there is a shortfall in the wind turbine’s captured power and output power, the
integration of the rotor equations of a wind turbine produces the frequency fluctuations
due to power fluctuations.

∫ t1

t0

(Pwm − Pws)dt = Hw

(
ω2

r,t1
−ω2

r,t0

)
= Hw(ωr,t1 −ωr,t0)(ωr,t1 + ωr,t0) = Hw∆ωr(2ωr,t0 + ∆ωr) (15)

where ∆ωr is the increment of the speed from the initial moment t0 to the end moment
t1, and ωr,t0 and ωr,t1 are the initial and disturbance speeds, respectively. This equation is
expressed in frequency fluctuations, as shown in Equation (16).

∫ t1

t0

(Pwm − Pws)dt = Hw
2π∆ f

p

(
4π f0

p
+

2π∆ f
p

)
= Hw

4π2

p2

(
∆ f 2 + 2∆ f ∆ f0

)
(16)

From the above analysis, it is clear that the conversion of rotor energy via control
output electromagnetic power occurs during a frequency disturbance.

When the grid frequency is subjected to a power disturbance that results in a frequency
drop, the wind turbine deviates from MPPT mode, reducing the input power, which can
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be suppressed by decreasing the rotor rotational power when the wind turbine meets
Equation (17). ∫ t1

t0

Pwmdt− Hw∆ωr(ωr,t0 + ∆ωr) ≥ 0(∆ωr ≤ 0) (17)

Similarly, when the grid frequency rises, the wind turbine decreases the input power
due to deviation from MPPT mode when the wind power participates in frequency regula-
tion according to Equation (18).∫ t1

t0

Pwmdt− Hw∆ωr(ωr,t0 + ∆ωr) ≤ 0(∆ωr ≥ 0) (18)

Wind power frequency control has a smaller time scale for rotor inertia and a faster
response than primary and secondary frequency control. In addition, the inertial response
does not need to be left with spare power, and its duration is short (<10 s) due to speed
limitations. In contrast, primary and secondary frequency modulation has extra intensity
and a more extended period (tens of s to several min). Therefore, the technical characteristics
of rotor inertia control for wind turbines are suitable for modeling the inertial response of
conventional power supplies with the following transfer function for the frequency model.

Gω(s) =
∆Pω

∆ f
=

kd f s
1 + Tωs

(19)

where kdf is the inertia response factor, Tω is the rotor inertia response time constant, and
∆Pω is the rotor inertia provided power.

Pitch control is the primary control strategy for wind turbines. This control strategy
controls the pitch angle of the wind turbine so that the output power is in a range below
the maximum power point. Pitch control has a strong regulation capability and a wide
range of regulations. However, its response is relatively slow and suffers an unavoidable
delay due to the mechanical characteristics. The transfer function of its regulation process
is expressed as:

Gβ(s) =
∆Pβ

∆ f
=

kp f

1 + Tβs
(20)

where kpf is the primary frequency modulation factor, Tβ is the pitch response time constant,
and ∆Pβ is the power provided by the pitch control.

The frequency response model of the wind farm can be obtained with the following
frequency model transfer function.

Gw(s) = Gω(s) + Gβ(s) =

(
kd f Tβ

)
s2 +

(
kd f + kp f Tω

)
s + kp f

TωTβs2 +
(
Tω + Tβ

)
s + 1

(21)

2.5. Battery Model

The equivalent circuit model of a battery uses electrical components such as resistors,
capacitors, and voltage sources to describe its electrical characteristics. As representatives
of electrochemical energy storage batteries, lithium-ion batteries are widely used in the
field of frequency regulation because of their significant advantages, including high energy
density, high power density, and long cycle life.

The Li-ion battery model is used to represent its operating state. For the frequency
regulation application scenario, the main focus is on the battery’s responsiveness, which
requires modeling both the battery itself and the energy storage power converter. The
lithium battery is usually equated to a controlled voltage source excited by the external
current due to its voltage source characteristics; the lithium battery is connected to the
rest of the system through the storage power converter, and the storage power converter
controls the current of the lithium battery.
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The DP model is a Li-ion battery model that enables online model simulation. The DP
model has better accuracy and applicability than other models and has superior dynamic
performance shown in Figure 6.
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Where, UOC is the open circuit voltage of the battery, R0 is the battery ohmic resistance,
R1 and R2 are the polarized internal resistance of the battery, C1 and C2 are the polarized
capacitance of the battery, IB is the output current of the battery, and VB is the output
voltage of the corresponding state.

The phenomenon where a current passes through a cell, causing the potential for it to
deviate from the equilibrium potential, is called cell polarization. When the current flowing
through the battery is zero, the polarization phenomenon can be ignored, and the internal
polarization resistance is not voltage divided. The external characteristic voltage of the
battery at this time becomes the open circuit voltage of the battery. As the current flowing
through the cell increases, the external characteristic voltage of the cell gradually decreases
due to the polarized internal resistance. This leads to the mathematical expression of the
model as 

PB = IBUB
UB = Uoc −Up
Up = Uoc −U1 −U2 − IR0

IB = U1
R1

+ C1
dU1
dt = U2

R2
+ C2

dU2
dt

(22)

From the analysis of the above model, it is clear that the characteristics of a battery are
mainly influenced by the battery current and the polarization voltage, which is dynamically
influenced by the current. When the current varies, the transfer of the two can be obtained as

GB(s) =
∆Up

∆IB
=

b2s2 + b1s + b0

a2s2 + a1s + a0
(23)

where ∆Up is the change in polarization voltage and ∆IB is the change in battery output
current. The coefficients of the transfer function are shown below.

b2 = C1C2R0R1R2
b1 = C1R1R2 + C2R1R2 + C2R0R2 + C1R0R1
b0 = R0 + R1 + R2
a2 = C1C2R1R2
a1 = C1R1 + C2R2
a0 = R1 + R2

(24)

The power control of the energy storage system is implemented to control the battery
current, and the transfer function of the storage power converter is as follows.

Gp(s) =
∆I

∆pE
=

1
1 + Tps

(25)

where TE is the energy storage response time constant, and ∆PE is the power supplied
during energy storage.
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3. Structure of the Frequency Regulation System with Wind Power and Energy Storage

3.1. Structure of the Frequency Regulation

This study selected a grid-connected power system for wind power generation assisted
by energy storage and frequency regulation for research. The system consisted of a prime
mover, wind turbine, energy storage, and load. The structure of the system is shown in
Figure 7.
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The frequency regulation model containing wind power and energy storage can be
divided into primary frequency regulation, secondary frequency regulation, wind power
regulation, and battery regulation. When a disturbance occurs, these regulation methods
can be regulated individually or in combination.

The prime mover uses a speed governor and a frequency regulator to complete primary
and secondary frequency regulation, respectively. Wind turbines rely on their mechanical
properties to participate in frequency regulation. The equivalent inertia constant of the
system and its transfer function are expressed as follows.{

GL(s) =
∆ f
∆P = 1

Mηs+D
Mη = (1− η)M0

(26)

where η is the wind power penetration rate, M0 is the inertia of the power system without
wind turbines, and Mη is the inertia of the system at the corresponding penetration rate.

The disturbance in this power system consisted of two aspects. On the one hand,
the disturbance was caused by the difference between the actual load and the output
plan; on the other hand, the disturbance was caused by the stochastic nature of wind
power generation.

∆P = ∆PL − ∆PW (27)

3.2. Response Characteristics of Frequency Regulation

Based on the frequency characteristics model of the above components, the frequency
characteristics model of the power system was established based on the participation of
each component under different frequency regulation methods.
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When no wind power is connected, the frequency base of the system is the prime
mover group, which has the following frequency representation characteristics.

Gs0(s) =
GL(s)

1− GL(s)GR(s)
(28)

where Gs0(s) is the frequency response of the power system without wind power, and GR(s)
is the frequency-modulated response of the prime mover with primary and secondary
frequency modulation, which feature in Equation (29).

GR(s) =
TgovTchs3 +

(
KgenRTgovTch + Tgov + Tch

)
s2 +

(
KgenRTgov + KgenRTch + 1

)
s + KgenR

RTgovTchs3 +
(

RTgov + RTch
)
s2 + Rs

(29)

When wind power is not involved in frequency regulation, the prime mover regulates
the system frequency. However, the equivalent inertia of the system is reduced, and
the frequency regulation part of the output force is reduced; its frequency characteristic
function is shown in Equation (30).

GsW(s) =
GLη(s)

1− GLη(s)(1− η)GR(s)
(30)

The wind power generation model shows that wind turbines can provide a specific
frequency regulation capability through their mechanical characteristics. When consider-
ing the wind turbine’s frequency regulation capability, the system’s frequency response
characteristics are as indicated in Equation (31).

GsW f (s) =
GLη(s)

1− GLη(s)
(
(1− η)GR(s) + ηGω(s)Gβ(s)

) (31)

The frequency regulation capability provided by wind turbines is limited by the
mechanical characteristics and the capacity of the generator set, for which insufficient
frequency regulation capability needs to be supplemented by energy storage. The frequency
response characteristics of the system are as described in Equation (32)

GsE f (s) =
GLη(s)

1− GLη(s)
(
(1− η)GR(s) + ηGω(s)Gβ(s) + Gp(s)GB(s)

) (32)

The results for different frequency regulation models subject to load perturbations can
be obtained using the final value theorem shown in Equation (33).

∆ fss0 = lim
s→0

s∆ f (s) = lim
s→0

sGs(s)∆P
s

∆ fss0 = R
1+DR ∆P

∆ fssW = R
(1−η)+DR ∆P

∆ fssW f =
R

(1−η+ηkp f R)+DR
∆P

∆ fssE f =
R

(1−η+ηkp f R)+DR
∆P

(33)

The above analysis shows that the system frequency deviation is related to damping
characteristics, sag characteristics, and disturbance amplitude. When wind power does
not participate in frequency regulation, the increase in wind power penetration causes
the system’s steady-state frequency deviation to increase. When wind power participates
in frequency regulation, the steady-state frequency deviation can be flexibly adjusted by
controlling the frequency regulation coefficient.
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3.3. Fuzzy PID Controllers for Frequency Regulation

For power systems with wind power, energy storage controllers need to be designed
to meet the frequency regulation needs. The frequency of a power system containing
wind power and energy storage is a higher-order transfer function, and adjusting the
controller parameters in this way is very complex. On the other hand, the uncertainty of
wind power and the extensive use of power electronics cause the system parameters of
power systems to be constantly changing and challenging to measure. Controller based
on constant parameters find it difficult to cope with complex and variable frequency
regulation systems.

As an intelligent inference controller, the fuzzy PID controller has a good control effect
on complex frequency regulation systems, which are time-varying nonlinear systems. The
structure of the fuzzy PID controller is shown in Figure 8.
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The fuzzy PID controller design was divided into steps: theoretical domain transfor-
mation, fuzzification, control rules, and regulation variables.

Ke is the quantization factor of the error, Kec is the quantization factor of the rate of
change of the error, and Ku is the scaling factor of the output control quantity. These are
related to the theoretical domain as follows.

Ke =
n

e(max)
Kec =

m
ec(max)

Ku = u(max)
l

(34)

where n, m, and l are the quantitative grades of Ke, Kec, and Ku, respectively; and e(max),
ec(max), and u(max) are the theoretical domain of the error, the theoretical domain of the
rate of change of the error, and the domain of the output, respectively.

In the fuzzification process, the inputs and outputs were all Gaussian subordinate
functions characterized by good smoothness. Fuzzy language variables were {NB, NM, NS,
ZO, PS, PM, PB}. The affiliation function is shown in Figure 9.
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The fuzzy control rules are determined by the relationship between the inputs and
outputs and the roles they play. According to the different roles played during propor-
tional, integral, and differential regulation, the general experience of fuzzy PID frequency
controller design is as follows.

(1) When the error is significant, the control system should have a better tracking ability,
and to prevent the control system from appearing to have a more significant overshoot, it
should take a larger proportional coefficient with a smaller differential coefficient, which at
this time should be a vital link to limit, generally taking the integral coefficient to zero.

(2) When the error is moderately large, the control system should have a slight over-
shoot, the proportional coefficient should take a smaller value, and the value of the integral
coefficient should be appropriate; the size of the differential coefficient has a more signifi-
cant impact on the control results, so the differential coefficient should be appropriate.

(3) When the error is small, the control system should have good stability and prevent
small oscillations in the control result. The proportional coefficient and integral coefficient
should take larger values. The differential coefficient is decided according to the size of the
change error rate, and when the error rate of change is significant, the differential coefficient
takes a smaller value.

The fuzzy control rules determined from the general experience of frequency control
systems are shown in Tables 1–3 [25].

Table 1. The fuzzy control rules of proportional coefficient.

E
EC

NB NM NS ZO PS PM PB

NB PB PB PM PM PS ZO ZO
NM PB PB PM PS PS ZO NS
NS PM PM PM PS ZO NS NS
ZO PM PM PS ZO NS NM NM
PS PS PS ZO NS NS NM NM
PM PS ZO NS NM NM NM NB
PB ZO ZO NM NM NM NB NB

Table 2. The fuzzy control rules of integral coefficient.

E
EC

NB NM NS ZO PS PM PB

NB NB NB NM NM NS ZO ZO
NM NB NB NM NS NS ZO ZO
NS NB NM NS NS ZO PS PS
ZO NM NM NS ZO PS PM PM
PS NM NS ZO PS PS PM PB
PM ZO ZO PS PS PM PB PB
PB ZO ZO PS PM PM PB PB

Table 3. The fuzzy control rules of differential coefficient.

E
EC

NB NM NS ZO PS PM PB

NB PS NS NB NB NB NM PS
NM PS NS NB NM NM NS ZO
NS ZO NS NM NM NS NS ZO
ZO ZO NS NS NS NS NS ZO
PS ZO ZO ZO ZO ZO ZO ZO
PM PB PS PS PS PS PS PB
PB PB PM PM PM PM PS PB
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The correction values for the PID controller control coefficients were obtained by fuzzy
control and then corrected using the parameter correction formula.

Kp = Kp0 + ∆Kp
Ki = Ki0 + ∆Ki
Kd = Kd0 + ∆Kd

(35)

where Kp0 Ki0, and Kd0 are the initial values of the PID controller parameters, respectively,
determined by the system’s frequency response characteristics.

The design steps of the proposed fuzzy PID controller used in this paper are shown in
Figure 10.
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Figure 10. Design flow chart of fuzzy PID controller for frequency regulation.

Compared with other frequency regulation control strategies, the proposed fuzzy
PID-based control strategy has the feature of easy parameter design and requires no high-
precision modeling of the controlled system. In addition, the proposed control strategy
does not require additional data, such as wind prediction data, for support during the
online operation of the actual project, reducing the control strategy’s application cost. The
results of comparing the characteristics of the proposed fuzzy PID control strategy with
other control strategies used for frequency regulation are shown in Table 4.
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Table 4. Comparison of frequency regulation control strategies.

Control Strategy High Precision
Models

Disturbance
Characteristics Model

Online External
Data Support

Adaptive
Adjustment

The proposed fuzzy PID control No No No Yes
The filter control No Yes No No

The model predictive control Yes No Yes Yes
The variable parameter control Yes Yes Yes Yes

The disturbance observer No Yes No No
The synovial control Yes No No Yes

4. Case Studies and Simulations

Based on the above analysis, this paper establishes a frequency characteristic model
of a power system containing thermal power, wind power, and energy storage based on
MATLAB/Simulink. The energy storage is configured in a centralized way near the outlet
of the wind farm and connected to the system through power electronic converters. The
wind farm data used in this case study were from wind farms in North China, where the
power system has a wind power penetration rate of 20%, and energy storage is configured
at 10% of the wind power scale to meet the policy requirements of the wind power plant
location. The time constants used were from reference [26], and the battery data were from
reference [27]. The data used in the examples were normalized. The parameters of the case
are shown in Table 5.

Table 5. The parameters of the case.

Parameters Value

Power System Inertia (M) 0.1667
Load-damping factor (D) 0.0084

Droop factor (R) 2.4
Time constant of the governor (Tgov) 0.08

Frequency modulator integration constant (Kgen) 0.25
Inertia time constant of the prime mover (Tch) 0.3

New energy penetration rate (η) 0.2
Rotor inertia response time constant (Tω) 0.1

Pitch response time constant (Tβ) 3.0
Inertia response factor (Kdf) 4.0

Primary frequency modulation factor (Kpf) 20
Ohmic resistance (R0) 8 × 10−4

Positive polarization capacitance (C1) 2.1 × 105

Negative polarization capacitance (C2) 3.8 × 104

Positive polarization resistance (R1) 3.5 × 10−4

Negative polarization resistance (R2) 2.68 × 10−4

As shown in Figure 11, the inertial response can quickly adjust the system frequency
change, but the duration is limited, increasing the inertial response capability of the system,
which helps to reduce the system frequency nadir and rate of change. Pitch control is
affected by mechanical properties, and the response speed is slower but provides a more
significant power and longer duration, providing the system’s primary frequency regulation
power and reducing the system’s steady-state frequency deviation; in the transition process
between the two, the wind power provides a short-term shortage of frequency regulation
power, affecting the rapid recovery of the system frequency. While the response time of
energy storage is based on inertial response and pitch control, the energy storage system
makes up for the power shortage in the frequency regulation process with wind power,
which improves the stability of wind power to cope with frequency disturbances.
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In this paper, three operation modes of wind power and energy storage participation
in frequency regulation were simulated and analyzed. The changes in system frequency
characteristics under the three modes are shown in the Figure 12, and the comparison of
frequency quality indicators is shown in Table 6.
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Table 6. Frequency characteristics comparisons of frequency regulation methods.

Methods Frequency
Minimum

Steady-State
Deviation

Frequency Change
Rate

Frequency regulation
response without wind

power or energy storage
49.42 Hz 0.020 Hz 0.048 Hz/s

Frequency regulation
response with wind power

assist only
49.52 Hz 0.014 Hz 0.046 Hz/s

Frequency regulation
response with wind power or

energy storage
49.65 Hz 0.014 Hz 0.029 Hz/s

It was found that wind power participation in frequency regulation provides inertial
response and frequency regulation standby capacity, which causes the lowest point of sys-
tem frequency response under disturbance elevated and steady-state frequency deviation to
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be reduced. However, wind power participation in frequency regulation on the frequency
change rate is small; the joint wind-storage frequency regulation takes advantage of the
fast energy storage response to reduce steady-state frequency deviation further, enhancing
the frequency nadir. At the same time, the energy storage system reduces the frequency
change rate. It provides additional damping for the system frequency change, reducing the
impact of frequency disturbances on system stability.

Bode diagrams of the three-frequency regulation are shown in Figure 13. The par-
ticipation of wind power and energy storage in frequency regulation can significantly
improve the amplitude-frequency response gain of the power system. Wind power and
energy storage can significantly suppress the disturbance gain in the frequency band below
the fundamental frequency. The different regulation methods have convergent gains in
the low-frequency region, indicating that the corresponding system steady-state devia-
tion frequencies are the same. In the frequency band above the fundamental frequency,
the improvement of wind power on the power system frequency disturbance gradually
decreases. In contrast, the suppression of energy storage on high-frequency disturbance
gradually becomes prominent. This shows that energy storage is essential to wind power
frequency regulation.
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The proposed fuzzy PID controller was designed based on the frequency analysis
above. The proportional, integral, and differential coefficients were set to 0.5, 0.1, and 0.1,
respectively. The simulation analysis results show that the proposed controller achieves the
backward tracking of power disturbance and reduces the effect of power disturbance on
the system frequency stability (Figure 14).

The results of the frequency regulation under strong perturbation shown in the
Figure 15, which were used for simulation to verify the effectiveness of the fuzzy PID
controller proposed in this paper. The strong perturbation was added randomly in this case,
in which the most significant downward perturbation occurred near 200 s of simulation,
and the most significant upward perturbation occurred near 1700 s. As the results show, the
fuzzy PID controller designed in this paper, due to the online adjustment of the controller
parameters at the moment of solid perturbation, made the control results better than the
control scheme using PID alone, and gave full play to the beneficial role of energy storage
in the frequency regulation process.
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5. Conclusions

This paper investigated the frequency stability of power systems containing wind
power and energy storage. The study results show that energy storage frequency response
characteristics are complementary to wind power, making up for the lack of cooperative
control between inertia control and pitch control. According to the research model and
example analysis, a wind farm with 10% energy storage capacity can obtain an additional
56% frequency drop suppression and 89% frequency fluctuation suppression. Based on
the model established in this paper, an energy management strategy based on a fuzzy PID
controller was designed with simple parameter design and convenient engineering appli-
cation characteristics. The strategy achieved adaptive control of the control parameters and
can provide an additional 10–25% disturbance rejection in the case of strong disturbances.
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Nomenclature

E The generator rotor’s rotational power
J The rotational inertia of the generator rotor
ωm The generator speed
Pm The generator’s mechanical power
Pe The generator’s electrical power.
H The inertia constant
∆Pg The per unit of power fluctuations
∆ω The per unit of motor speed fluctuations
∆f The per unit of rotational frequency fluctuations
∆Pf The per unit for change in load power affected by frequency fluctuations
D The load-damping factor
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∆Pgov The power increase from the governor
PLref The reference supply rate
Tgov The inertia time constant of the governor
R The droop factor
Kgen The frequency modulator integration constant
Pwm The wind power captured
ρ The air density
Sw The area swept by the wind turbine
v The wind speed
Cp The wind energy utilization factor
r The radius of the wind turbine
λ The tip speed ratio
β The pitch angle
Tm The wind turbine’s t mechanical torque
Te The wind turbine’s electromagnetic torque
Pws The electrical power of turbine
Dw The mechanical damping factor of the wind turbine
ωr The mechanical speed of the wind turbine
ωe The electrical speed of the wind turbine
p The logarithm of the pole of the wind turbine
∆ωr The increment of the speed from the initial moment
t0 The initial moment
t1 The end moment
kdf The inertia response factor
Tω The rotor inertia response time constant
∆Pω The rotor inertia provided power
kpf The primary frequency modulation factor
Tβ The pitch response time constant
∆Pβ The power provided by the pitch control
R0 The ohmic resistance
C1 The positive polarization capacitance
C2 The negative polarization capacitance
R1 The positive polarization resistance
R2 The negative polarization resistance
IB The output current of the battery
VB The output voltage of the corresponding state
∆Up The change in polarization voltage
∆IB The change in battery output current
TE The energy storage response time constant
∆PE The power supplied during energy storage
η The wind power penetration rate
M0 The inertia of the power system without wind turbines
Mη The inertia of the system at the corresponding penetration rate
Ke The quantization factor of the error
Kec The quantization factor of the rate of change of the error
Ku The scaling factor of the output control quantity

References
1. Jampeethong, P.; Khomfoi, S. Coordinated Control of Electric Vehicles and Renewable Energy Sources for Frequency Regulation

in Microgrids. IEEE Access 2020, 8, 141967–141976. [CrossRef]
2. Liu, H.; Chen, Z. Contribution of VSC-HVDC to Frequency Regulation of Power Systems with Offshore Wind Generation. IEEE

Trans. Energy Convers. 2015, 30, 918–926. [CrossRef]
3. Nguyen, H.T.; Yang, G.; Nielsen, A.H.; Jensen, P.H. Frequency stability enhancement for low inertia systems using synthetic

inertia of wind power. In Proceedings of the 2017 IEEE Power & Energy Society General Meeting, Chicago, IL, USA, 16–20 July
2017; pp. 1–5. [CrossRef]

4. Wilches-Bernal, F.; Chow, J.H.; Sanchez-Gasca, J.J. A Fundamental study of applying wind turbines for power system frequency
control. IEEE Trans. Power Syst. 2015, 31, 1–10. [CrossRef]

http://doi.org/10.1109/ACCESS.2020.3010276
http://doi.org/10.1109/TEC.2015.2417130
http://doi.org/10.1109/pesgm.2017.8274566
http://doi.org/10.1109/TPWRS.2015.2433932


Batteries 2023, 9, 117 20 of 20

5. Ravanji, M.H.; Canizares, C.A.; Parniani, M. Modeling and Control of Variable Speed Wind Turbine Generators for Frequency
Regulation. IEEE Trans. Sustain. Energy 2020, 11, 916–927. [CrossRef]

6. Manaz, M.A.M.; Lu, C.-N. Design of Resonance Damper for Wind Energy Conversion System Providing Frequency Support
Service to Low Inertia Power Systems. IEEE Trans. Power Syst. 2020, 35, 4297–4306. [CrossRef]

7. De Rijcke, S.; Tielens, P.; Rawn, B.; Van Hertem, D.; Driesen, J. Trading energy yield for frequency regulation: Optimal control of
kinetic energy in wind farms. IEEE Trans. Power Syst. 2015, 30, 2469–2478. [CrossRef]

8. Boicea, V.A. Energy storage technologies: The past and the present. Proc. IEEE 2014, 102, 1777–1794. [CrossRef]
9. Sioshansi, R.; Denholm, P.; Arteaga, J.; Awara, S.; Bhattacharjee, S.; Botterud, A.; Cole, W.; Cortes, A.; De Queiroz, A.R.; DeCarolis,

J.; et al. Energy-Storage Modeling: State-of-the-Art and Future Research Directions. IEEE Trans. Power Syst. 2022, 37, 860–875.
[CrossRef]

10. Yan, N.; Zhang, B.; Li, W.; Ma, S. Hybrid Energy Storage Capacity Allocation Method for Active Distribution Network Considering
Demand Side Response. IEEE Trans. Appl. Supercond. 2019, 29, 1–4. [CrossRef]

11. Nadeem, F.; Hussain, S.M.S.; Tiwari, P.K.; Goswami, A.K.; Ustun, T.S. Comparative Review of Energy Storage Systems, Their
Roles, and Impacts on Future Power Systems. IEEE Access 2019, 7, 4555–4585. [CrossRef]

12. Akram, U.; Khalid, M. A Coordinated Frequency Regulation Framework Based on Hybrid Battery-Ultracapacitor Energy Storage
Technologies. IEEE Access 2018, 6, 7310–7320. [CrossRef]

13. Baone, C.A.; DeMarco, C.L. From Each According to its Ability: Distributed Grid Regulation with Bandwidth and Saturation
Limits in Wind Generation and Battery Storage. IEEE Trans. Control Syst. Technol. 2013, 21, 384–394. [CrossRef]

14. He, G.; Chen, Q.; Kang, C.; Xia, Q.; Poolla, K. Cooperation of Wind Power and Battery Storage to Provide Frequency Regulation
in Power Markets. IEEE Trans. Power Syst. 2017, 32, 3559–3568. [CrossRef]

15. Tan, Y.; Muttaqi, K.M.; Ciufo, P.P.; Meegahapola, L.G.; Guo, X.; Chen, B.; Chen, H. Enhanced Frequency Regulation Using
Multilevel Energy Storage in Remote Area Power Supply Systems. IEEE Trans. Power Syst. 2019, 34, 163–170. [CrossRef]

16. Dai, J.; Tang, Y.; Wang, Q.; Jiang, P. Aggregation Frequency Response Modeling for Wind Power Plants with Primary Frequency
Regulation Service. IEEE Access 2019, 7, 108561–108570. [CrossRef]

17. Ye, H.; Pei, W.; Qi, Z. Analytical Modeling of Inertial and Droop Responses from a Wind Farm for Short-Term Frequency
Regulation in Power Systems. IEEE Trans. Power Syst. 2016, 31, 3414–3423. [CrossRef]

18. Knap, V.; Chaudhary, S.K.; Stroe, D.-I.; Swierczynski, M.J.; Craciun, B.-I.; Teodorescu, R. Sizing of an Energy Storage System for
Grid Inertial Response and Primary Frequency Reserve. IEEE Trans. Power Syst. 2016, 31, 3447–3456. [CrossRef]

19. Liu, H.; Zhang, C.; Peng, X.; Zhang, S. Configuration of an Energy Storage System for Primary Frequency Reserve and Inertia
Response of the Power Grid. IEEE Access 2021, 9, 41965–41975. [CrossRef]

20. Zhang, C.; Liu, L.; Cheng, H.; Liu, D.; Zhang, J.; Li, G. Frequency-constrained Co-planning of Generation and Energy Storage
with High-penetration Renewable Energy. J. Mod. Power Syst. Clean Energy 2021, 9, 760–775. [CrossRef]

21. Valizadeh Haghi, H.; Lotfifard, S. Spatiotemporal Modeling of Wind Generation for Optimal Energy Storage Sizing. IEEE Trans.
Sustain. Energy 2015, 6, 113–121. [CrossRef]

22. Zhao, J.; Lyu, X.; Fu, Y.; Hu, X.; Li, F. Coordinated Microgrid Frequency Regulation Based on DFIG Variable Coefficient Using
Virtual Inertia and Primary Frequency Control. IEEE Trans. Energy Convers. 2016, 31, 833–845. [CrossRef]

23. Sockeel, N.; Gafford, J.; Papari, B.; Mazzola, M. Virtual Inertia Emulator-Based Model Predictive Control for Grid Frequency
Regulation Considering High Penetration of Inverter-Based Energy Storage System. IEEE Trans. Sustain. Energy 2020, 11,
2932–2939. [CrossRef]

24. Wang, C.; Mi, Y.; Fu, Y.; Wang, P. Frequency Control of an Isolated Micro-Grid Using Double Sliding Mode Controllers and
Disturbance Observer. IEEE Trans. Smart Grid 2018, 9, 923–930. [CrossRef]

25. Xu, Q.; Li, H.; Wang, Q.; Wang, C. Wheel Deflection Control of Agricultural Vehicles with Four-Wheel Independent Omnidirec-
tional Steering. Actuators 2021, 10, 334. [CrossRef]

26. Miao, F.; Tang, X.; Qi, Z. Analysis of frequency characteristics of power system based on wind farm-energy storage combined
frequency regulation. High Volt. Eng. 2015, 41, 2209–2216.

27. Wu, X.; Zhang, X. Parameters identification of second order RC equivalent circuit model for lithium bat-teries. J. Nanjing Univ.
2020, 56, 754–761.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1109/TSTE.2019.2912830
http://doi.org/10.1109/TPWRS.2020.2995868
http://doi.org/10.1109/TPWRS.2014.2357684
http://doi.org/10.1109/JPROC.2014.2359545
http://doi.org/10.1109/TPWRS.2021.3104768
http://doi.org/10.1109/TASC.2018.2889860
http://doi.org/10.1109/ACCESS.2018.2888497
http://doi.org/10.1109/ACCESS.2017.2786283
http://doi.org/10.1109/TCST.2012.2183596
http://doi.org/10.1109/TPWRS.2016.2644642
http://doi.org/10.1109/TPWRS.2018.2867190
http://doi.org/10.1109/ACCESS.2019.2933141
http://doi.org/10.1109/TPWRS.2015.2490342
http://doi.org/10.1109/TPWRS.2015.2503565
http://doi.org/10.1109/ACCESS.2021.3065728
http://doi.org/10.35833/MPCE.2020.000743
http://doi.org/10.1109/TSTE.2014.2360702
http://doi.org/10.1109/TEC.2016.2537539
http://doi.org/10.1109/TSTE.2020.2982348
http://doi.org/10.1109/TSG.2016.2571439
http://doi.org/10.3390/act10120334

	Introduction 
	Frequency Response Model for Power Systems with Wind Power and Energy Storage 
	The Prime Mover and Generator Model 
	The Frequency Characteristic Model 
	The Automatic Speed Control System Model 
	The Wind Power Model 
	Battery Model 

	Structure of the Frequency Regulation System with Wind Power and Energy Storage 
	Structure of the Frequency Regulation 
	Response Characteristics of Frequency Regulation 
	Fuzzy PID Controllers for Frequency Regulation 

	Case Studies and Simulations 
	Conclusions 
	References

