i:;l?é electronics

Article

Advanced Primary Frequency Regulation Optimization in
Wind Storage Systems with DC Integration Using Double
Deep Q-Networks

Xiaojiang Liu 1, Peng Zou !, Jin You !, Yuhong Wang 2*(, Jiabao Wu 2, Zongsheng Zheng 2, Shilin Gao 2

and Wei Hao 3

check for
updates

Citation: Liu, X.; Zou, P; You, J.;
Wang, Y.; Wu, J.; Zheng, Z.; Gao, S.;
Hao, W. Advanced Primary
Frequency Regulation Optimization
in Wind Storage Systems with DC
Integration Using Double Deep
Q-Networks. Electronics 2024, 13, 2249.
https:/ /doi.org/10.3390/
electronics13122249

Academic Editor: Gianpaolo Vitale

Received: 8 May 2024
Revised: 3 June 2024
Accepted: 4 June 2024
Published: 7 June 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Southwest Electric Power Design Institute Co., Ltd. of China Power Engineering Consulting Group,
Chengdu 610056, China; 1iu19731031@163.com (X.L.); zoup2019@swepdi.com (P.Z.);

15828282742@163.com (J.Y.)

School of Electrical Engineering, Sichuan University, Chengdu 610065, China; wujiabao@stu.scu.edu.cn (J.W.);
zongshengzheng@scu.edu.cn (Z.2.); gaoshilin@scu.edu.cn (S.G.)

SPIC Yunnan International Power Investment Co., Ltd., Kunming 650228, China; haowei@spic.com.cn

*  Correspondence: yuhongwang@scu.edu.cn

Abstract: With the gradual increase in wind power installation capacity, the proportion of traditional
synchronous generators driven by fossil fuel is gradually declining. Due to the fact that wind
turbines are connected to the grid through power electronic converters, which decouple rotor speeds
from the system frequency and reduce system inertia levels, inadequate inertia levels can pose a
threat to frequency stability when disturbances occur. To address this issue, this paper proposes a
frequency regulation optimization strategy for the direct current (DC) transmission of a wind storage
system. This strategy incorporates virtual inertia control and virtual droop control to adjust wind
power output based on frequency deviation and rate of change. Fuzzy logic control is employed
for energy storage, adaptively adjusting active power based on frequency deviation and the rate of
change. Additionally, under the context of multi-DC transmission in renewable energy systems, an
optimization strategy for proportion and integration (PI) parameters of the frequency limit controller
(FLC) is proposed. Considering frequency deviation and DC regulation power simultaneously, the
double deep Q-network (DDQN) algorithm is adopted in the simulation model to attain the optimal
parameters of FLC. Simulation results conducted using MATLAB/Simulink 2022a indicate that
this strategy increases the lowest frequency by 0.28 Hz and decreases the response time by 1.04 s
compared with the non-optimized strategy.

Keywords: virtual inertia control; virtual droop control; fuzzy logic control; DDQN algorithm

1. Introduction

Under the background of actively promoting the goal of “carbon peak and carbon neu-
trality”, the proportion of wind power in power systems is increasing, and the proportion
of traditional synchronous generators driven by fossil fuels is gradually decreasing. The
addition of wind turbines reduces the equivalent inertia of a power system and threatens
the frequency safety of the system. In order to ensure the frequency stability of the sys-
tem, wind turbines have certain frequency regulation capabilities through various control
means, such as virtual inertia control, overspeed, and variable pitch control [1-4]. However,
relying only on wind turbines for a single frequency regulation still faces the problem of
frequency instability due to insufficient frequency regulation capacity [5-8]. The rapid
development of energy storage technology and the advantages of energy storage itself
have created new ideas for frequency control of power systems, such as compensation of
virtual inertia [9] and synchronous generator control [10]. Energy storage itself has the
characteristics of fast response speed, high response accuracy, and flexible control, which
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can better meet the scheduling requirements of minute or even second level of frequency
regulation. Compared with traditional synchronous generator sets, power grids with
higher slope rate requirements and less power demand of frequency regulation power
supply have better adaptability and can better meet the frequency regulation indicators of
the system [11]. Therefore, on the basis of exploring the frequency regulation capability of
wind power, relevant research has proposed to connect energy storage to grid-connected
wind power systems to provide active power support so as to increase the moment of
inertia of the system and improve the frequency regulation performance of the grid [12,13].
Wang T and Xiang YW [14] used an energy storage system to compensate for the virtual
inertia of a wind farm, determined the output power of the wind storage system based
on fuzzy control logic, and formulated a virtual inertia compensation strategy to improve
the inertia level of the wind storage system. However, this method only improved the
participation of energy storage in frequency regulation and did not give full play to the
frequency support capability of wind turbines. Fuzzy control was used to design and
implement the frequency regulation control of a wind turbine operating without load [15].
According to the frequency change rate of different scenarios and the maximum output
power of the wind turbine, a strategy of battery energy storage coordination for wind
turbines to provide frequency regulation response was developed. The control strategy
proposed by the existing research enabled the wind turbine to respond to the frequency
change of the system, but it did not effectively coordinate the two frequency regulation
resources of wind power and energy storage, resulting in a lack of dynamic coordination
within the system and a waste of frequency regulation potential. Therefore, it is necessary
to further study how to establish a flexible, coordinated control strategy for combined wind
storage systems.

Wind power and energy storage are connected to the receiving power network through
a power electronic converter, and relevant strategies have been adopted to control the DC
power transmission, which can reduce the burden of the frequency regulation system.
DC frequency regulation controls the active power of the connected alternating current
(AC) system and effectively improves the frequency stability of the system due to its
fast adjustability and good short-term overload capacity. DC frequency regulation has
been widely used in existing asynchronous networking DC projects. It mainly adopts
the form of DC frequency limiting control to improve the frequency of the connected
AC system. A power grid adopts DC frequency limiting control in combination with
traditional measures [16], which can effectively solve the problem of frequency stability
in a network. Zhang Q, Mccalley ] D, et al. [17] analyzed the frequency characteristics of
the Yunnan power grid after asynchronization by combining the control principle of the
DC frequency limiter and established a frequency regulation strategy for the AC system in
which the DC frequency limiter participates. Considering complex operating conditions,
the back-to-back DC frequency limiting controller of Chongqing and Hubei was optimized
to improve the controller adjustment effect [18]. A DC frequency control system was
proposed in [19], which applied a multi-variable control to the frequency control of the
DC system. The frequency of the AC system can be better adjusted while maintaining
the stability of the two AC systems. DC frequency regulation also plays an important
role in absorbing new energy power fluctuations and the stability of multi-terminal DC
cross-region systems. Papalexopoulos A D and Andrianesis P E [20] investigated the
frequency dynamic coupling relationship of AC systems on both sides of a high-voltage
direct current (HVDC) rectification and inverter based on large wind farms and proposed an
emission angle correction strategy to decouple frequency-voltage to improve the frequency
dynamics of the rectifier end. However, wind farms and DC did not form an effective
coordination relationship in the proposed method. Zhang Yij, et al. [21] used a fuzzy logic
controller to allocate the reference values of DC and wind farm frequency regulation power
and proposed a frequency regulation power distribution method for units in wind farms so
that grid-connected wind turbines can allocate frequency regulation power according to
their own rotational kinetic energy and adjustable capacity.
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A large number of scholars have studied the parameter optimization of DC frequency
regulation but have not considered its synergistic effect with wind power and energy stor-
age participating in frequency regulation. Therefore, in a power system where wind power
is transmitted through DC, it is of great significance to study the frequency control strategy
after the installation of energy storage devices. To improve the frequency stability of power
systems with a high proportion of wind power penetration, it is crucial to coordinate
various frequency regulation resources. In this paper, the primary frequency regulation
optimization strategy of the combined wind storage system is studied. Furthermore, the
frequency regulation requirements of the system are considered from the perspective of
the inertia response of the power system: primary frequency regulation. The operating
mechanism and cooperative control strategy under DC transmission of the combined wind
storage system are also constructed. In this research, the goal is to improve the frequency
stability of power systems under high proportion wind power penetration. In the process
of research, only the frequency response characteristics of each part of the system are
considered. Compared with existing frequency regulation methods, this study considers
the participation of multiple frequency regulation resources, including energy storage, DC
FLC, and wind turbine. The energy storage can adjust the output power adaptively by
fuzzy logic control. Furthermore, the PI parameters of DC FLC are optimized using the
DDON algorithm in order to avoid the randomness problems of heuristic algorithms.

The scope of this investigation is divided into seven main sections. Section 2 gives the
control strategy for wind power and DC transmission. Furthermore, Section 2 presents
a control strategy for energy storage. Section 3 gives the system simplification model
considering variable resources of frequency regulation such as wind power, energy storage,
and DC. Sections 4 and 5 present the methodology for the optimization strategy, including
the DDON algorithm and the entropy method. In Section 6, the simulation results are
presented and analyzed. The conclusion is drawn in Section 7.

2. Control Strategy for Wind Storage System and DC Transmission
2.1. Control Strategy for Wind Power

At present, the main ways that wind turbines participate in frequency regulation are by
rotor virtual inertia, droop control, virtual synchronous generator, overspeed, and variable
pitch control. Overspeed and variable pitch control actuate on load reduction, which makes
wind power no longer use maximum power point tracking (MPPT) control and reduces the
utilization rate of wind energy. Rotor virtual inertia control and sag control actuate on rotor
kinetic energy. Although the wind turbine passes through the power electronic converter,
its rotor frequency is decoupled from the system frequency and cannot respond to the
system frequency change. However, the wind turbine blades are connected to the generator
rotor through the gearbox, and the weight of the wind turbine blades is several times or
even dozens of times larger than the weight of the generator rotor, and the rotating kinetic
energy stored in the wind turbine blades is considerable when the unit is running normally.
When the system frequency changes, the frequency support is provided by converting the
kinetic energy and electric energy of the rotor. In order to ensure the maximum utilization
of wind energy, a comprehensive inertia control method combining virtual inertia control
and sag control is adopted to make wind power participate in frequency regulation.

When the system frequency changes, the virtual inertia control can change the ref-
erence value of the active power of the wind turbine according to the frequency change
rate and magnitude and then change the electromagnetic power of the rotor to achieve
additional power support for the system frequency change. The rotor virtual inertia control
method does not require the reserve power of the wind turbine and can still realize the
maximum utilization of wind energy. However, at the end of the inertia response process,
the rotor speed returns to the initial value, which may cause a secondary droop or increase
in the system frequency, and when the system is stable again, it will not be able to continue
to provide frequency support.
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The principle of virtual inertia control is as follows [22]:

af
AP =2H—, (1)
where AP is the compensated active power of virtual inertia control; Af is the system
frequency deviation; H is the inertial response time constant.

Droop control is a steady-state support process that is mainly used to reduce the fre-
quency deviation of the system and can simulate the differential adjustment process of the
synchronous generator’s primary frequency regulation, which is conducive to maintaining
the stability of the system frequency. The root cause of the frequency fluctuation of the
power system is the mismatch of power, that is, the mismatch between the active power and
the load power of the generator. When the active power output of the system power supply
is missing or increasing, the system frequency will decrease or increase. The traditional
synchronous generator set can respond to the change in system frequency; the governor
controls the speed down or up and changes the output power of the synchronous machine
so that the power in the system gradually reaches a new equilibrium state. A typical droop
control is shown in Figure 1.

A
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Frequency(p.u.)

Sh

0 Active power(p.u.)

Figure 1. Droop control principle.

Emulating the sagging characteristics of a synchronous generator, frequency deviation
control can be added to the control strategy of the wind turbine so that it has similar sagging
characteristics to a synchronous generator and then responds to the frequency change in
the system. Droop control is differential regulation. After the adjustment, the system enters
a new steady state, and the frequency at this time is not rated frequency. The principle of

sag control is as follows [23]:
AP, = KyAf, 2)

where AP, is the droop control active power involved in a frequency regulation; K is the
droop control factor.

The principle of comprehensive inertia control is shown in Figure 2. The comprehen-
sive inertia control obtains the compensation power AP; and AP; according to the frequency
change rate and frequency deviation, respectively, which determines the reference value
of active power together with the output power P, controlled by wind power MPPT and
then participates in the frequency adjustment of the system. The addition of droop control
can avoid the secondary drop in the frequency and improve the stability of the system
frequency. The function of the high-pass filter is to prevent the virtual inertia control from
working in the steady state of the system and only acting on the frequency change rate [24].

The output power P, of wind power MPPT control is calculated as follows:

1
Py = EPSwV\gCP()\/ 6)/ (3)

where p is the air density; Sy, is the projected area of the wind flowing vertically through
the blade; V is the wind speed; Cp is the rotor power coefficient.
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Figure 2. Principle of integrated inertia control.

Rotor power coefficient Cp is a function of blade tip speed ratio A and pitch angle 6,
and blade tip speed ratio is defined as the ratio of the blade tip linear speed of the wind
turbine blades to the incoming wind speed, as follows:

_ 27tRn wR

-2 @

A
Vv v’

where 7 is the rotor speed; R is the radius of the blade tip; w is the angular velocity of the
wind turbine blades.

2.2. Control Strategy for DC Transmission

DC participates in the system frequency adjustment through the DC frequency limiting
controller, and its control link adopts PI control mode. The input signal is the frequency
deviation signal of the AC system Af, and includes the frequency difference limiting link
and filtering link. The specific control structure is shown in Figure 3. When the system
frequency difference exceeds the dead zone limit of FLC, the signal Af becomes the active
power output deviation signal through PI control, then through power limiting, and finally
forms the active power regulation instruction. When the frequency of the sending system
decreases, FLC reduces the DC transmission power according to the deviation signal. When
the frequency of the sending system increases, the DC transmission power is increased to
maintain the active power balance of the system. In the figure, Dy, and Dy, respectively
are the upper limits of the frequency difference limiting link; T, is the low-pass filter
time constant; f;” and f; respectively are the maximum and minimum values of the FLC
control dead zone; Kp and K are the proportional coefficient and integral coefficient of
PI controller; APryc max and APrrc pin are the upper and lower limits of the DC power
regulation instruction.

Dtos = APric pax
[ [ [
Af |/— R 1 R | / R & R |/— APFLC‘
1 T TS| |7 Bt | >
_ _ _
Dy, fa AP, FLC, Min

Figure 3. DC frequency limit controller model.
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2.3. Control Strategy for Energy Storage

Based on expert system, fuzzy set theory, and control theory, fuzzy control comes
into being. When the mathematical process of the controlled process is more complicated,
artificial criteria prevail to simplify the controller design. When implemented by computer,
membership function and approximate inference perform numerical processing for this
qualitative relationship.

The diagram of fuzzy logic control is shown in Figure 4. The input variable is fuzzy
by membership function, then the output fuzzy set is obtained by fuzzy logic reasoning,
and the specific value of the output is obtained by deblurring.

Input ' - Output
—— | Obfuscation | PUEZY 19g1C > Amblgl.nty —>
reasoning resolution

Figure 4. Fuzzy logic control diagram.

Mamdani fuzzy reasoning was first proposed, and Mamdani established a control
system by synthesizing different language control rules [25]. The design of fuzzy logic
control includes the determination of the fuzzy subset, membership degree function logic
operation method, fuzzy logic reasoning criterion, and defuzzification method.

The methods of fuzzy logic control are centroid, Bisector, max—minimum membership
(smallest of maximum), middle-maximum membership (middle of maximum), and max—
maximum membership (largest of maximum). In this study, the gravity center method is
used to deblur the output fuzzy set.

By calculating the membership function of the output and the center of gravity of the
area surrounded by the x-axis, the fuzzy logic inference result is obtained. The calculation
method is as follows [26]:

op(x)x;
XCentroid = W/ 5)

where x; is the domain of membership degree function; y(x;) is the value of the output
membership function.

The structure of the fuzzy logic controller is shown in Figure 5. The input of the fuzzy
logic controller designed in this study is the frequency deviation Af and frequency change
rate of the AC system df /dt, where the values range from —0.01 to 0.004 p.u. and —0.016
to 0.016 p.u. Because the frequency deviation of high frequency is smaller than that of low
frequency in practical engineering applications, the upper limit of the frequency deviation
is smaller than the lower limit. The output is the change in the active power of the BESS
(battery storage energy) APg, and the value ranges from —0.3 to 0.3 p.u.

Af AP,
df/dt —
—_—p

Figure 5. Fuzzy logic controller structure.

Membership functions of input and output variables are shown in Figures 6-8. The
fuzzy subsets of input variables are NL (negative large), NM (negative medium), NS
(negative small), Z (zero), PS (positive small), PM (positive medium), and PL (positive
large). The fuzzy subsets of the output variables are NL (negative large), NM (negative
medium), NS (negative small), Z (zero), PS (positive small), PM (positive medium), and PL
(positive large) [27].
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Figure 6. Frequency deviation membership function.
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Figure 7. Frequency change rate membership function.
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Figure 8. ESS power variation membership function.

The basic criterion of fuzzy logic reasoning is the following: When the frequency
deviation Af or frequency change rate df/dt is large, it indicates that the system needs
a larger controller output APr to participate in frequency regulation. When the absolute
value of the frequency change rate df/dt is close to 0 and the frequency deviation Af is
small, the system is relatively stable, the output of the controller APg should be as small as
possible. The specific fuzzy logic reasoning table is shown in Table 1.
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Table 1. Fuzzy logic reasoning table.
Frequency Deviation
BESS Power

NL NM NS z PS PM PL

NL PL PL PL PL PS NS NM

NM PL PL PL PM V4 NS NM

Rate of NS PL PL PM PS NS NM NM
frequency z PL PM PS z NS NM NL
change PS PM PM PS NS NM NL NL
PM PM PS V4 NM NL NL NL

PL PM PS NS NL NL NL NL

The output of fuzzy logic reasoning is obtained by using the “max-min” principle
of the Mamdani algorithm, and the fuzzy logic reasoning results obtained by using the
centroid de-fuzzification process are shown in Figure 9.

= .
——meE =

e
oY

0.15

e
/

0.05 —

o
L

-0.05

BESS power variation (p.u.)

s
1

-0.15

-0.2

-0.25

-0.015
-0.01
-0.005 0

0
Frequency deviation (p.u.)

0.005 001

0015 4 2

Rate of frequency change (p.u.)
Figure 9. Fuzzy logic inference results.

3. System Simplification Model

The system frequency response model (SFR) is a general method for analyzing the
frequency response of the system. In order to investigate the control strategy, the SFR is
used to analyze and calculate the frequency problem of the power system after disturbance.
The system frequency response model is equivalent to the actual physical system so as
to obtain a feasible solution to the frequency response problem. In order to consider the
frequency regulation effects of wind storage and DC, the wind power, battery energy
storage system (BESS), and DC FLC model are added on the basis of the traditional SFR
model, as shown in Figure 10. Furthermore, the BESS uses lithium-ion batteries.

APy AP
— Hydro power Kiyaro Kpre DCFLC [
+ _
APs + 1 A
—| Thermal power Kstcam : s > N Tys5+ D !
AP W/ AP,
—  Wind power Kwina APy  Kss BESS [

Figure 10. SFR model.
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In the model, Tys is the inertia corresponding time constant of the system; APy is the
frequency regulation power for the hydro power; APs is the frequency regulation power
for the thermal power; APy is frequency regulation power for wind power; APr ¢ is the
frequency regulation power for FLC; APg is the frequency regulation power for BESS ;
Kuydror Ksteam, Kuwind, Krrc, Kss are proportional gains.

In this research, a fuzzy logic controller is added to BESS, and a comprehensive inertia
control is added to wind power. The frequency response characteristics of the system under
load disturbance are investigated by formulating an optimization strategy.

4. DDON Optimization Strategy
4.1. DDQN Algorithm

Reinforcement learning is usually based on a Markov decision process (MDP), in
which the outcome of an interaction between an agent and the environment at the next
moment is only relevant to the current state of the environment, not the previous state
of the environment. The traditional MDP process consists of four elements, given by the
(S, A, R, u) quadruple, where S represents the set of environmental states; A represents the
set of actions that the agent can take; R represents the reward function, which is the reward
that the agent gets after taking a certain action in a certain state; y represents the policy set,
which corresponds to the status and action.

Q-learning is a typical reinforcement learning algorithm that records the learned
experience in the form of a Q-value table. The algorithm uses Formula (6) to update the
quality value [28]. When the formula converges, the optimal action strategy can be obtained.

Q (S, A) = Q%(S, A) + a[R* + ymaxQ (8", A") — QFF1(S, A)], 6)

where  is the learning rate; +y is the discount factor; Q¥(S, A) is the Q value for status S
and action A.

In order to solve the problem that the Q-learning algorithm is difficult to deal with
high-dimensional states and control action sets, a neural network model Q(S, A|w) is
adopted in the DQN method to directly predict the value of the Q function so as to replace
the use of the Q table. The current target Q value is calculated according to Formula (5), and
then the mean square error between the current target Q value and the Q value predicted
by the neural network is used to update the parameter w of the neural network.

DDOQON algorithm makes two improvements on the basis of DQN. Firstly, two networks
are introduced: one is the target network Q'(S, A|w’) to calculate the target Q value, and
the other is the update network Q(S, A|w) to update the Q value, which can reduce
the dependency between the target Q value and the update network parameters. The
target network has exactly the same structure as the Q-value network and synchronizes
parameters from the Q-value network periodically.

Secondly, we decouple the action selection of the target Q value and the calculation
process of the target Q value in objective Equation (5) so as to reduce the overestimation
caused by the greedy algorithm. When calculating the target Q value, the maximum Q
value corresponding to the action is not found from the target Q network, but the action
corresponding to the maximum Q value is found in the update network first. This action is
then used to calculate Q values on the target network.

4.2. Selection of Objective Function

In this section, the integrated time square error (ITSE) index of the system frequency
and DC FLC power regulation under high-power disturbance is taken as the minimum
objective, and the objective function is established as follows:

ts ts

minF(x) = w1/t(Af)2dt+w2/t(APpLC)Zdt, @)
0 0
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where x = {Kp, K| } is the controller parameter of the DC FLC; w1, w; are respectively the
weight of the two ITSE indicators; ¢; is the simulation duration; APr; ¢ is regulation power
of DC FLC.

4.3. Constraints

The proportional and integral gain of the DC FLC control link must satisfy the follow-

ing inequality constraints:
Kpmin < Kpp < Kpmax
Kimin < Kro < Kimax

/ (®)

where Kpg and K| are respectively the initial value of the proportional link gain and the
integral link gain, and their size needs to be selected according to the situation of system
standardization; Kpmin and Kpmax are respectively the minimum and maximum values
of the proportional gain coefficients; K min and Kmax are respectively the minimum and
maximum values of the integral gain coefficients.

Due to the limited rated capacity and transmission capacity of the HVDC transmission
system, the DC FLC power regulation should meet the upper and lower limits:

APrrcmin < APrrc < APprcmaxs )

where APrjcmin and APrpcmax respectively are the upper and lower limits of the DC FLC
power regulation.

5. Solution Process Based on Entropy Method
5.1. Entropy Method

The entropy method is a weighting method based on the amount of information
contained in each index, which is objective and can avoid the interference of too many
human factors [29]. If the value difference of the same index is small, that is, the probability
distribution is more uniform, and the information entropy is larger, the index is assigned a
lower weight. Conversely, if the value difference of the same indicator is large, the weight
of the indicator is higher. Let the decision matrix D be:

Z11  Z12
D=|: ;, (10)
Zml  Zm2

where z;; is the value of the jth ITSE of the ith simulation result; m is the simulation
frequency.

The steps to determine the weight of indicators by using the entropy method are
as follows:

1.  The simulation result corresponding to each jth ITSE is normalized:

Zi:
Pij =z — 1, (11)
Y zjj
i=1

2. The entropy of the jth ITSE is calculated as follows:
1 m
ej = —ﬁan;Pz‘j In pyj, (12)
i=
3. The deviation degree of the jth ITSE is calculated as follows:

d] =1- €j, (13)

4.  The deviation degree of the jth ITSE is normalized, and the index weight is as follows:
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Y d
k=1

5.2. Solution Process

When using the DDQN algorithm, it is necessary to transform the control problem into
a process of reinforcement learning. The frequency response model established in Section 3
acts as the environment of the reinforcement learning problem, and the FLC controller acts
as the agent. The goal of reinforcement learning is to obtain an optimized control strategy
through the continuous interaction between the agent and the environment. The Markov
decision process corresponding to this optimization problem is as follows:

1. State variable is S = (Af, APrrc, AP, APy, APg). These variables are the dynamic
results given in real time by the simulation environment;

2. Action variable is A = (Kp, K1), which is the decision variables of the FLC;

3. The construction of the reward function needs to combine the objective function (7)
and the constraints (8) and (9). The reward function from the current state S; to the
next state Sy, 1 is defined as:

t+1 t+1

R(St,Si41) = —[awn / HAS) dt + w, / H(APprc) dt + ()], (15)

where the first part is the size of the objective function for this time period; the
second part is the penalty term, which is set to reflect the constraints. The goal of the
optimization process is to maximize the value of the reward function. It also means
that the value of the objective function will be a minimum;

4. The policy function y is the corresponding relationship between the state variables of
the combined wind storage system and the parameters of the DC FLC, which is the
deep neural network required in the DDQN algorithm.

6. Analysis of Simulation Results
6.1. Simulation Model

In this study, the wind farm (WF), BESS, and voltage source converter (VSC) stations
are added to the four-machine and two-zone model of the MATLAB/Simulink simulation
platform. Moreover, the active power control link is added to the converter. The topology
of the system is shown in Figure 11. The computer configuration of the neural network
training process is AMD Ryzen 7 5800H CPU and 16 G integrated graphics card.

Zonel Zone2

G1 @_'_@ AC Line @_'_@ Gs
G, @_’_@_ |1 vsc1 — vscz “—( }—’—(C Gy

AC Line
.

wF| 4 (00 —(ODH% 5] pess

| |

Ly L

Figure 11. Topology of the system.
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In Figure 11, G; and G; are steam turbines with the rated power of 900 MW; G3 and
Gy are hydro turbines with the rated power of 900 MW; the rated power of the wind farm
is 300 MW; the rated power of the DC transmission is 1000 MW; the rated capacity of the
BESS is 350 Ah.

6.2. Model Training

The training samples are input into the neural network successively, and the reward
function values of the agents in every 50 s simulation cycle are counted. The reward
curve obtained is shown in Figure 12. It can be seen that at the beginning of training, the
reward value has been increasing during the agent’s search for actions. With the progress
in training, the value of the reward function obtained by the agent converges, and the
performance of the model becomes better and better. Figure 13 shows the change curve of
the objective function in the training process. It can be seen that the objective function also
converges with the progress of training. Finally, the objective function converges to 80.07.
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Figure 12. Reward value during training.
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Figure 13. The value of the objective function during training.

6.3. Comparative Analysis

The results of different optimization methods are shown in Table 2. Compared with
the parameters of the PI controller given by experience, the PI controller parameter ob-
tained by DDQN is Kp = 0.2, K; = 0.3, and the objective function value is 80.07. The
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objective function values of the DQN algorithm and the particle swarm optimization (PSO)
algorithm are both larger than 80.07, which proves the effectiveness of the proposed DDQN
optimization strategy. The PSO algorithm, as a typical heuristic algorithm, enables the
whole group to obtain feasible solutions in the solution space through information sharing
among individuals, but its results are random. Although the DQN algorithm calculates
the Q value through the deep neural network, the Q value is strongly dependent on the
updated neural network parameter relationship, and there is an overestimation problem.

Table 2. Comparison results of different optimization methods.

Optimization Method Controller Parameter Objective Function Value
Non-optimization Kp=01, K =02 103.45
PSO Kp =021, K, = 0.29 90.12
DON Kp =0.19, K =0.28 82.23
DDON Kp =02, K =03 80.07

A load disturbance of 0.08 p.u. appears in the system after 10 s. Furthermore, the wind
penetration level of the system is 10%. The frequency response characteristics of different
optimization methods are shown in Figure 14. According to the analysis in Figure 14,
it can be seen that the lowest frequency fy,qir = 49.27 Hz, the inertial response time
t =14.37 s, and the steady frequency fsseqq, = 49.88 Hz when using the DDQN algorithm
for optimization. When the DQN optimization algorithm is adopted, the lowest frequency
fNadir = 49.21 Hz, inertia response time t = 15 s, steady frequency fsteqqy = 49.79 Hz. When
the PSO algorithm is adopted, the lowest frequency fy,qir = 49.21 Hz, the inertia response
time f = 14.6 5, and the steady frequency fsseqq, =49.89 Hz. Without optimization, the lowest
frequency fnqgir = 48.99 Hz, the inertia response time ¢t = 15.41 s, the steady frequency
fsteady = 49.88 Hz, and the overshoot B = 0.16%. The optimization strategy proposed in this
paper can significantly improve the inertial response process of the system. Compared
with the non-optimized strategy, the lowest frequency increases by 0.28 Hz, reducing the
undershooting and oscillatory transients. Also, the response time decreases by 1.04 s.
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Figure 14. Frequency response characteristics of different optimization methods.

Different wind power penetration levels are set in order to investigate the effect of
wind power penetration. The initial wind penetration level of the system is 10%. It is
gradually increased to 40%. A load disturbance of 0.08 p.u. appears in the system after 10 s.
The control strategy of the system adopts the DDQN algorithm.

The frequency response characteristics of different wind power penetration levels are
shown in Figure 15. As we can see from Figure 15, the lowest frequency fn,qir = 49.27 Hz,
the inertia response time t = 14.37 s when the wind power penetration level is 10%. The
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lowest frequency fnagir = 49.24 Hz, and the inertia response time t = 14.71 s when the
wind power penetration level is 20%. The lowest frequency fn,qi = 49.22 Hz, and the
inertia response time t = 14.72 s when the wind power penetration level is 30%. The lowest
frequency fyqqir = 49.2 Hz, and the inertia response time ¢ = 14.73 s when the wind power
penetration level is 40%. With the increase in wind power penetration, the inertia level
of the system is reduced. Hence, the lowest frequency is reduced, and the inertia time
becomes longer when wind power penetration is increased.
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Figure 15. Frequency response characteristics of different wind power penetration levels.

7. Conclusions

Aiming to address the problem of frequency stability caused by increases in wind
power proportion, this paper studied the frequency regulation strategy of a combined
wind storage system with DC feed. In addition, an optimization strategy that takes into
account the frequency deviation and FLC frequency regulation power of DC was put
forward. The frequency regulation characteristics of hydro power and thermal power were
considered in the simulation model, which has a certain reference value for engineering
practice. Since the DDQN algorithm does not need to specify the mathematical relationship
between the control variable and the objective function, the Q function obtained by training
can find the optimal control variable for the objective function so that the data obtained
by the simulation model can be effectively processed. By emulating load disturbance
and comparing the results of different optimization methods, the frequency response
characteristic of the proposed optimization strategy is the best. Moreover, compared with
the PI parameters given by experience, the PI parameters attained by the DDON algorithm
make the objective function value smaller. However, this study did not consider the change
in SOC of energy storage. The control strategy for energy storage will be optimized in a
further study.
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