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Abstract: The increasing proportion of wind power systems in the power system poses a challenge to
frequency stability. This paper presents a novel fuzzy frequency controller. First, this paper models
and analyzes the components of the wind storage system and the power grid and clarifies the role
of each component in the frequency regulation process. Secondly, a combined fuzzy controller is
designed in this paper, which realizes the cooperative control of frequency regulation considering
wind power running state, battery energy management, and power grid stability. Finally, this paper
establishes typical operation scenarios of various time scales to verify the effectiveness and feasibility
of the proposed control strategy.
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1. Introduction

New energy, such as wind power, is gradually replacing the dominance of traditional
fossil energy sources. The volatility and uncertainty of wind power itself make the fre-
quency stability of the power grid operation significantly affected [1-4]. The wind turbine
does not have an active inertia response and primary frequency regulation capability. It
requires additional power backup through rotor overspeed control and pitch angle control,
which restricts wind power grid-connected efficiency improvement.

The wind storage system is favorable to improving the frequency stability of the system.
If wind power is individually frequency-regulated, there may be transient fluctuations in
frequency due to insufficient reserve power. If the storage alone is involved in frequency
regulation, the required capacity configuration is too large and does not take full advantage
of the wind turbine. Therefore, energy storage and wind power must be synergistically
controlled during frequency regulation to utilize the performance fully.

The feasibility of wind storage systems participating in frequency regulation has been
extensively studied. In reference [4], a combined wind and flywheel system is proposed,
where the wind turbine always operates in MPPT mode, and the flywheel energy storage
provides the inertial response and primary frequency regulation power for the system to
simulate the generator. Reference [5] investigated system frequency regulation by releasing
the kinetic energy of the wind turbine rotor. For large-scale wind power grid-connected
power systems, wind power is required to provide primary frequency regulation, and
wind turbines operating at the maximum output cannot provide power backup to meet the
frequency regulation demand. References [6,7] designed a wind turbine with a variable
coefficient by maintaining frequency regulation power reserve through overspeed load
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shedding and paddle pitch angle control. References [8-10] studied the market mechanism
and economic effect of the participation of a wind power and energy storage system
in frequency regulation. It showed the feasibility of wind power and energy storage
system participation in frequency regulation. References [11,12] established a battery
selection system for participating in frequency regulation. References [13,14] proposed
using distributed energy storage aggregation for frequency regulation to fully utilize
frequency regulation resources.

The mechanism of the frequency response action of power systems is too complex
and difficult to be accurate for transient states, and wind storage systems bring more
uncertainty to the power system. Reference [15] proposed a frequency regulation control
approach for energy storage participation using a disturbance observer, which relies on
accurate modeling of the system, and then the identification of disturbance parameters
after the introduction of wind power becomes a major factor limiting the application of
this scheme. The study of reference [16,17] shows that the wind storage system using
virtual inertia is beneficial for frequency stabilization. Reference [18] proposed an adaptive
control method using a sliding film to cope with the variation in the system parameters.
References [19-21] used a fuzzy control method to control the frequency regulation power
of the energy storage in the wind storage system to improve its immunity to disturbances.

This paper investigates a new primary frequency regulation control method for wind
energy storage systems. The method comprehensively considers wind speed, grid fre-
quency, and SOC factors and optimizes the controller mechanism using composite fuzzy
logic. The method achieves the cooperative control of wind power and energy storage
during frequency regulation, improves the response speed of the wind power system to
frequency perturbation, and improves the efficiency of energy storage frequency regu-
lation utilization. In this paper, the effectiveness of the proposed strategy is verified by
establishing multiple time-scale scenario models.

2. Frequency Regulation System Model of Wind Storage System

To study the effect of a wind storage system on frequency regulation characteristics,
modeling the power system containing the wind storage system is the first step. The
frequency regulation model uses mathematical equations to describe the frequency dis-
turbance’s influence range and propagation process. The frequency regulation model
of a power system with a wind storage system includes generation, load, wind power,
and battery.

2.1. Generation-Load Model

The generation-load model is used to characterize the effects of frequency disturbances
in conventional power systems and the frequency regulation characteristics based on the
generator swing equation. The structure of the generation load model is shown in the
figure and consists of three parts: the prime mover, the generator, and the grid load.

The prime mover and generator are the core components of an electric power system
to convert thermal or kinetic energy into electrical energy. In the frequency regulation
process, they exhibit inertial characteristics due to their mechanical structure, which is
represented in the frequency regulation model by Equation (1).

{ AP = (r7er Ge(Af)

— 1
APG = Tty APm

M

where Af is the change in frequency, G. is the frequency regulation control rule, Ty is the
inertia coefficient of the prime mover, APp, is the increment of the prime mover power, and
TG is the inertia constant of the generator. AP is the increment of generator power.

In the frequency regulation of power systems, generators mainly provide inertial action
to maintain the system’s stability. The inertia time constant represents the ability of the
generator to provide inertia. For power systems containing new energy sources, the overall
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inertia time constant decreases as the penetration of new energy sources increases [22-24].
The inertia and system inertia constant formula was calculated, as shown in Equation (2).

H_LA_%

- P T 2¢2Pg
n= Pw (2)
PW+pr
Hy = spessps = (L—mH

where H is the inertia time constant; P, is the inertia regulated power of thermal unit; Pg
is the rated power of the generators; Py is the rated power of the wind turbine; 7 is the
new energy penetration rate; Hy, is the inertia time constant under high penetration; and e
is the regulation depth.

The load presents a damping effect on frequency regulation. For frequency fluctuations
in a limited range, the damping effect of the load on frequency can be linearized locally.
Similarly, the inertial characteristics of the generator can be treated. The generator-load
model can be obtained by combining the generator’s inertial action and the load’s damping
characteristics, as in Equation (3):

APy — AP, =2(1— )HY
APe = AP_ + APy = AP_ + DAf 3)
APy + AP, = (2(1 — )H + D)Af

where APy, is the variation in mechanical power; AP, is the variation in electromagnetic
power; AP is the variation in load power; APy is the response power of a load for frequency;
and D is the load damping.

2.2. The Wind Model

Wind turbines are mechanical, electrical, and control devices that convert wind speed
into electrical energy. Wind speed at long time scales is represented using a Weibull

distribution model: . 1 L
v\ k= v
fwen =5 (5) e Hs) ] @)

where fyy(s x) is the corresponding wind speed occurrence probability, s is the scale parame-
ters, k is the shape parameters.

Wind power is affected by the randomness of wind speed, and the wind speed
variation process can be represented using a combined wind speed model consisting of
basic wind speed, gust wind speed, asymptotic wind speed, and random wind speed:

Vie = Vo + Vg + Vi + Vi

Vi = sr(1 + %)

Ve = @ {1 —cos(27'c>f< (t}f))} @)
Vr:Vr,maxi

12—t

Va = Vn,maxRam(_l, 1) COS(aJnt + §0n)

where V', is the combined wind speed; V7, is the basic wind speed; Vg is the gust wind
speed; V; is the asymptotic wind speed; V} is the random wind speed; T is the gamma
function; Vg max is the max speed of gust wind; tg1 is the start time of gust wind; Ty is the
duration of gust wind; V;max is the max speed of asymptotic wind; ¢, is the start time of
asymptotic wind; f; is the ending time of asymptotic wind; Vy max is the max speed of
random wind; Ram is a uniform random number with values between —1 and 1; wy, is the
rate of change in fluctuation; and ¢, is a uniform random number with values between
0 and 27t.
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The wind power model is used to represent the output of a wind turbine based on
wind power and changes in the state of the power system. The wind turbine output power
is shown in Equation (6).

) — @R (6)

Ow

{ Py = 37pR*v3,Cy(A, B)

where p is the air density, R is the wind turbine blade radius, A is the blade tip speed ratio, 8
is the pitch angle, wy is the wind turbine rotor speed, and C;, is the wind power utilization
factor of wind turbines.

21
_ 116 _ B\ A
(ip = 0.51176( /\10.035?'4'8 5)e + 0.0068A %
A T XF008B T Bitl

When the wind speed is between the cut-in wind speed and the rated wind speed,
and the pitch angle is set to zero, there exists the optimal blade tip speed ratio Agpt. At this
time, the wind turbine is at the optimal operating point and has the maximum wind power
utilization coefficient Cp max-

s =0
B=0A=Aop (®)
Cp,max = Cp ()\opt/ 0)

In a wind power generation system with a high percentage, when the wind turbines
are required to provide frequency support capability, the wind turbines need to operate at
a reduced load under the maximum power point to provide standby power, and the power
provided by the wind turbines under reduced load operation is expressed as follows:

Py = (1—d)Py = 0.5mpR?*v3 (1 — d)Cp max
Cpd = (1 = d)Cp,max )
Pw,del =Py — Pw,d = dPy

where P, 4 is the output power of the wind turbine under load shedding control, P,y 4¢] is
the power lost under load shedding control, and d is the load shedding factor.

Due to the mechanical structure’s influence, the wind turbine’s dynamic process
involved in frequency regulation shows inertial characteristics [25-27]. The control strategy
for wind power using load-shedding power as backup power and using virtual inertia
control for frequency regulation is shown in Figure 1.

v

- 1 o, S|P Pind
2H s| | b 7
- +
AP
v
[ 1
> Ly ————
| —/_ (+5T,)
)

lYirtual Inertial Contro

________ 7

Figure 1. Control block diagram of wind turbine.

In this figure, T, and T, are the mechanical torque and electromagnetic torque, respec-
tively. Hy is the inertia time constant of the wind turbine. k; is the power tracking factor.
T\ is the response time factor of wind power regulation. kp, is the inertial control coefficient.
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2.3. The Battery Model

Batteries are suitable as a complement to frequency regulation resources due to their
faster response and energy storage characteristics. A battery-based energy storage system
consists of a battery body, an energy storage converter, and an energy management system.
The battery can be considered a flow-controlled voltage source with a capacity limit. The
equivalent circuit simulates the external characteristics of the battery using devices such
as resistors, capacitors, and constant voltage sources. The equivalent model has multiple
topological structures, and the basic form of the model is as follows:

SOC(t+ At) = SOC(t) + <2
_ Pg

I, = Vooy—Ug (R,C,I) (10)

PB,min S PB S PB,max

SOCpin < SOC < SOCrax

where Qmax is the maximum discharge capacity of the battery; At is the sampling time
interval; I, is the charging/discharging current of the battery and Vv is the open circuit
voltage; Uy is the voltage droop during battery operation, which is a function of the
internal resistance and capacitance parameters of the battery; and Pg min, PBmax, SOCmin,
and SOCpay are the minimum output power, maximum output power, and minimum and
maximum SOC values of the supercapacitor, respectively.

In frequency regulation, the power response rate of the battery is mainly influenced
by the controller and the energy storage converter. This process can be simplified without
loss of generality to an inertial process, as shown below:

APy = (11)

mAP B,ref
where T} is the regulation response time factor of energy storage.
From the above analysis, it is clear that the battery has good frequency regulation
performance. The battery’s service life is the main influencing factor that restricts energy
storage participation in frequency regulation. Relevant studies have shown that the charg-
ing/discharging rate and the charging and discharging depth affect the battery’s service
life [28,29]. Using excessive current charging/discharging in the frequency regulation
process will directly cause the loss of battery life. In addition, excessive energy storage
participation in frequency regulation will cause a deepening of the discharge depth, fur-
ther affecting the battery’s service life. The conventional approach is to design an energy
allocation strategy based on a logistic function, as shown in Equation (12):

Py 051 (SOCmax ~SOC)

Knax—+Pp % £0.5nx (SOCmax—S0C) 1
Py x £0-51x(SOC—SOCppin, )

kgis = Konax + Py x (057 (50C—50Cmin] 1

ken =
(12)

where k., and ks is the charging and discharging factor, 7 is the adaptive factor to measure
the degree of fast or slow curve change; Py is the initial power; Kmax is the factor maximum;
and SOC is the SOC value at the current moment.

3. Compound Fuzzy Logic Primary-Frequency-Regulation Cooperative
Control Strategy

3.1. Frequency Control Model

After a disturbance occurs in the power system, its active frequency dynamic process
is divided into three stages: automatic distribution of disturbance power according to
the synchronous power coefficient, inertial response, and frequency regulation. In the
disturbance-power allocation stage, each generator shares the disturbance power instanta-
neously according to its synchronous power coefficient with the disturbance point. In the
inertia response stage, after the power deficit occurs, the electromagnetic power changes
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abruptly, the mechanical power remains unchanged, the rotor changes under the action
of unbalanced torque according to the rotor equation of motion, and the speed droops to
release kinetic energy and resist the system frequency droop. When the system frequency
exceeds the governor threshold, the governor system is a frequency regulation action to
restore the system frequency to the allowable range, followed by secondary and tertiary
frequency regulation successive actions to restore the system frequency and achieve the
economic power distribution between the units. The model of the frequency regulation
system studied in this paper is shown in Figure 2.

Grid system AP,
Af
Z » 2(1-y)Hs+D v
4 H
Thermal
— AR, |AF | AR\ AF, j/j 1 [—/j Nt
Tps+1 Tps+1 R
Wind turbine
conventional
ower
P LR (1
2 RV, (1-d)C, (2, 5)

Wind turbine l
frequency L 1 L L
regulation =i Ts+1 [ S
power 5
Energy storage
frequency 1

. < < -K] <
regulation _/_ T,s+1 p
power

Figure 2. Control block diagram of the studied frequency regulation.

The generator system, wind power system, and energy storage system in the grid
assume different roles in the frequency regulation process due to their respective character-
istics: the generator system is used to provide rotational inertia; the wind power system is
used as a supplement to the generator supply to provide current-source virtual inertia; and
the energy storage system is used as a regulator to provide voltage-source virtual inertia.
The frequency regulation process needs to satisfy the following energy balance relationship:

AP, + APy = AP, + APy + APg (13)

where AP}, is the power disturbance from the load; AP,y is the disturbance from the wind
power; APp, is the primary frequency regulation power of the thermal power unit; APq is
the virtual inertia power based on wind power; and APj is the frequency regulation power
provided by the battery.

The generator system mainly provides rotational inertia during primary frequency
regulation. A droop factor controls the generator set during primary frequency regulation:

AP, = —%A f (14)

where R is the adjustment coefficient.

Wind turbines provide current-source-type virtual inertia in the frequency regulation
process. Current-source virtual inertia control is to introduce the system frequency change
rate into the converter active control link, change the active reference value, and provide
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active power to the grid proportional to the frequency change rate; the equation for this is
as follows:

_ dAf
APy = —Kd i (15)

where Kd is the virtual inertia control coefficient.

The energy storage system complements the frequency regulation and presents a
voltage-source-type virtual inertia characteristic. The voltage-sourced virtual inertia tech-
nique introduces additional control variables in the converter control to invoke energy
storage or standby power to give it the external characteristics of a synchronous unit
operating in grid-connected mode. Due to the inertia limitation of the energy storage
converter and the body response, the external characteristics of the energy storage involved
in frequency regulation show sagging characteristics. In addition, the battery needs to
consider the effect of its characteristics, such as SOC. The control of the battery follows
Equation (16):

APg = —mKpAf (16)

where Kp is the droop control coefficient; m is the charge/discharge control factor.

3.2. Fuzzy Control Model

The control coefficients of different power resources need to be set during frequency
regulation. Fixed parameters are usually used for frequency regulation control for generat-
ing units in conventional power systems and a high percentage of new energy systems.

For the frequency regulation of a high percentage of new energy power systems, the
control coefficients of wind power and energy storage need to be adjusted according to the
energy balance state of the grid, the wind speed condition, and the battery state. When the
set control parameters are less than the system demand, the power output of the frequency
regulation resources in the system cannot meet the system demand, which will cause the
fluctuation of the frequency index to cross the limit; when the control setting parameters
are greater than the system demand, the frequency regulation resources in the system are
frequently called to cause the system to lose stability.

However, it is difficult to establish an accurate mathematical model between the value
of control coefficients and wind conditions, the rate of change in frequency difference, and
frequency deviation. Fuzzy logic-based control has the advantages of ease, high robustness,
and high fault tolerance. Among them, the inertia control coefficient of wind power
and the droop control coefficient of the battery are influenced by wind speed, frequency,
and frequency variation rate; the charging and discharging coefficients of the battery are
influenced by the operating state and state of charge (SOC).

In Figure 3, I, and Ig;s are the charging and discharging current.

.

—» Affiliation function N1

dAf/dt : p—

—I'{ Affiliation function i‘} Fuzzy inference w defuzzification
A

—» Affiliation function

Ich
>{ Affiliation function

SOC >{ Affiliation function

Kd

Kp

Z% Fuzzy inference @‘ defuzzification
Z&N|

.
N
Z% Fuzzy inference @‘ defuzzification

P{ Affiliation function
dis T -
—>{ Affiliation function

Figure 3. Control block diagram of the proposed fuzzy control strategy.
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Degree of Degree of
membership

Degree of
membership

membership

o

o

o

The theoretical domain of the wind speed is taken as [6, 13.5] m/s, the theoretical
domain of the frequency difference rate of change is taken as [—0.6, 0] Hz/s, the theoretical
domain of the frequency deviation amount is taken as [—1, —0.033] Hz, and the theoretical
domain of both the virtual inertia coefficient and the sag coefficient is taken as [5, 20]. These
are fuzzy language variables with {VS, S, M, B, VB} values. The affiliation function is shown
in Figures 4 and 5.

1
5
0
1
S VS
5 1
0 Il 1
-0.6 -0.5 -04 -0.3 -0.2 -0.1 0
dDf

1 [ I | | I I I

VB B M S VS
5r /
O | | I | | | |

-1

-09 -08 -0.7 -06 -05 -04 -03 -02 -01 O
Df

Figure 4. The membership function of input variable in the proposed fuzzy control strategy.

1 T T
VS S M B VB

0.5 §

Degree of
membership

VS S M B VB

Degree of
membership
o
[6)]

0 I L I L L

5 7.5 10 12.5 15 17.5 20
Kp

Figure 5. The membership function of the output variable in the proposed fuzzy control strategy.

The Kd and Kp correspond to the degree of involvement of wind power and energy
storage in frequency regulation, respectively. Kd represents the degree of frequency regula-
tion participation of wind power. When the wind power resources are more sufficient, the
value of Kd should be adjusted to achieve the purpose of fully utilizing the resources; Kp
represents the degree of participation in the frequency regulation of energy storage when
there is a large frequency disturbance in the power system; and Kp should be adjusted up
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to achieve the purpose of making full use of the fast response of energy storage. The design
of fuzzy logic rules follows the following principles, which is depicted in Table 1.

)

@

®)

When the wind speed is low, the frequency regulation ability of wind power genera-
tion is relatively weak, and too much change in rotor speed easily triggers the wind
turbine off-grid. Therefore, the virtual inertia coefficient Kd should be set to a small
value regardless of the change in frequency difference and frequency deviation, and it
decreases with the increase in the frequency change rate; meanwhile, the energy stor-
age should undertake the main task of frequency regulation, and Kp increases with
the increase in the frequency change rate. With the increasing frequency deviation,
Kd and Kp should also be increased appropriately.

When the wind speed is moderate, wind power has the strongest frequency regulation
ability. To maximize the wind power regulation, Kd is set with the increase in the
rate of change in the frequency and decreases, Kp is set with the increase in the
rate of change in frequency and increases, and Kd, Kp are set with the increase in
frequency deviation and increase. When the frequency variation rate and frequency
deviation are small, to avoid the battery being dispatched frequently, the value of
Kd can be increased appropriately, and the value of Kp should be small; when the
frequency variation rate is low, and the frequency deviation is large, the values of Kd
and Kp should be large; when the frequency variation rate is large, and the frequency
deviation is small, the values of Kd and Kp should be small; when the frequency
variation rate and frequency deviation are large, the value of Kd should be small, and
the value of Kp should be large. The Kp value should be taken as large as possible.
When the wind speed is large, the regulating ability of the wind turbine is weak, and
the output frequency regulation active capacity is small. When the frequency change
rate is small, the value of Kd can be increased appropriately, and Kd decreases with
the increase in the frequency change rate. However, when the wind speed is too large,
Kd should not take too large a value, while the value of Kp is positively correlated
with the frequency deviation and frequency change rate; when the frequency change
rate is large, to avoid excessive release of kinetic energy, Kd should be small, and Kp
can be increased appropriately. The corresponding fuzzy rule table is shown below.

Table 1. The fuzzy control rules of control factor (Kd, Kp).

dAf v
Cair A VS S M B VB
(VS, VS) (S, VS) (M, VS) (B, VS) (VB, VS) (B,S)
(VS, S) S,9) M, S) (B,S) (VB, S) (B, S)
(VS, M) S,S) M, S) (B,S) (VB,S) (B, M)
(VS, B) S,9) M, M) (B, M) (VB, M) (B, M)
(VS, VB) M, M) (B, M) (B, M) (VB, M) (B, M)
(S, VS) (S, VS) (S, VS) (B, VS) (B, VS) M, S)
(S,9) S, 9) S, 9) (B,S) (B,S) M, M)
(S, M) (S, 9) (CAS)] (B, M) (B, M) M, M)
(S, B) S, 9) (5, M) (B, M) (B, B) M, B)
(S, VB) (S, M) M, M) (B, B) (VB, B) (B, B)
M, VS) S, 9) (S, 9) M, S) (B,S) (S, M)
M, S) S, 9) (S, 9) M, M) (B, M) (S, M)
M, M) (S, M) (S, M) M, M) (B, B) (S, B)
(M, B) (S, M) (S, M) M, B) (B, B) M, B)
(M, VB) (S, M) (S, B) (B, B) (B, B) (M, B)
(B, VS) (VS, S) (S,S) (S,9) (VB, M) (S, M)
(B,S) (VS,9) (S, 9) S, M) (B, B) (S, M)
(B, M) (VS, 9) (S, M) (S, M) (B, B) (S, B)
(B, B) S,9) (S, B) (S, B) M, B) (S, B)

(B, VB) (S, M) (S, B) (M, B) (B, B) (M, B)
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Table 1. Cont.
daf v
Carr 49 VS S M B VB
(VB, VS) (VS,9) (VS,S) (S, B) (S, B) (S, B)
(VB,S) (VS,9) (VS, M) (S5, B) (S, B) (S, B)
(VB, M) (VS, M) (VS, M) (S, B) (S,B) (S,B)
(VB, B) S'M) (VS, B) (S, B) (S, B) (S, VB)
(VB, VB) (S,B) (S, B) (S, VB) (S, VB) (S, VB)

The fuzzy variable relationships at different wind speeds are plotted as shown in

Figure 6.

v=7m/s

-1 -06
Rate of frequency change (Hz/s)

Amount of frequency change (Hz)
v=10m/s

T -08

Amount of frequency change (Hz)
v=13m/s

Rate of frequency change (Hz/s)

Amount of frequency change (Hz)

"Rate of frequency change (Hz/s)

Rate c;f frequency change (Hz/s)
Amount of frequency change (Hz)
v=10m/s

-06
-04705

? = -0.3
-02 -02
0 il 01

0
Rate of frequency change (Hz/s)

Amount of frequency change (Hz)
v=13m/s

~-06
-04705

-02703

=02 -0.1
0 .
Rate of frequency change (Hz/s)
Amount of frequency change (Hz)

Figure 6. The fuzzy variable relationships at different wind speeds.
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Degree of

Degree of

Degree of
membership

The output domain of the battery’s charge/discharge factor controller is set to [0, 1].
The charge state domain is set to [0.1, 0.9]. The operating state of the battery is represented
by the charge/discharge multiplier, which is set to [0, 1], and the following formula
calculates the charge/discharge multiplier:

Lohydis

te-C =
rate e

(17)

where [, is the rated current, and rate-Ca is the charge/discharge multiplier. The affiliation
function is shown in Figure 7.

1T—vs |

05¢r

0 I i I

0 0.2 04 06 0.8 1 1.2 1.4 1.6 1.8 2
a rate-C
% 1Vs SN M
O el
205
2 AN
€ 0 01 02 03 04 05 06 07 08 09 1
N SOC
% Tvs\ S | M | | B VB
(b))
o 05 i
g O T T |\ T i T i T I
e

0.1 02 03 04 05 06 07 08 09 1
m

Figure 7. The membership function of the battery state.

m is used to regulate the magnitude of the energy storage output. When the charging
and discharging multiplicity of the battery is too large or the SOC is too low, m should
moderately reduce the limiting current to avoid over-discharge. The design of fuzzy logic
rules follows the following principles, which is depicted in Tables 2 and 3.

(1) When the battery is in a discharged state, the battery needs to avoid excessive dis-
charge at low soc. As the SOC of the battery decreases, the discharge control factor
gradually decreases. To avoid insufficient power resources provided by frequency
regulation, the discharge control coefficient increases with the increase in the dis-
charge multiplier.

(2) When the battery is charging, the battery needs to avoid over-electricity in the case
of high soc, and the discharge control coefficient gradually decreases as the soc of
the battery increases. To avoid insufficient power resources provided by frequency
regulation, the charging control coefficient increases with the increase in the dis-
charge multiplier.

The design of fuzzy logic rules follows the following principles:
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Table 2. The fuzzy logic rules at charge state.

SOC
Rate-C
VS S M B VB
VS VB VB VB VB VB
S B VB VB VB VB
M M B VB VB VB
B S M B VB VB
VB VS S M B VB
Table 3. The fuzzy logic rules at discharge state.
SOC
Rate-C
VS S M B VB
VS VB VB VB VB VB
S VB VB VB VB B
M VB VB VB B M
B VB VB B M S
VB VB B M S VS

The fuzzy variable relationships at the charge state and discharge state are shown as
shown in Figure 8.
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Figure 8. The fuzzy variable at charge and discharge state.

4. Case Studies and Simulations

To verify the feasibility and effectiveness of the proposed combined wind storage
system to participate in the primary frequency regulation strategy, a simulation model was
built on the MATLAB/Simulink platform (Matlab 2020a), as shown in the Appendix A. The
proposed model had a benchmark of 160 MW, including 100 MW of thermal power units,
50 MW of wind power, and 10 MW of energy storage units. The benchmark frequency was
50 Hz, and the upper and lower dead limits of frequency regulation were set to 0.033 Hz.
An energy storage configuration of 10 Mw /5 Mwh is specified in the Table 4.

Table 4. The parameters of the case.

Parameters Value

Rated power of thermal power 100 MW
Inertia time constant of thermal power 5.8s
Regulation response time factor of prime mover 0.25s

Regulation response time factor of generator 0.35s
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Table 4. Cont.

Parameters Value
Adjustment factor of thermal power 0.1
Rated power of wind power 50 MW
Inertia time constant of wind turbine 3s
Regulation response time factor of wind turbine 0.3s
Rated power of energy storage 10 MW
Rated capacity of energy storage 5 MWh
Regulation response time factor of energy storage 0.01s
Load damping 12s

4.1. Step Dynamic Performance Simulation

Power systems are typically time-varying nonlinear systems, and frequency regulators
must have strong tracking performance. This study used a step response to verify the
tracking rejection capability of the proposed control method for frequency disturbance
rejection. The disturbance used was a 10% increase in rated power at 1 s and a 15% decrease
in rated power at 15 s. We used 6 m/s as a typical low wind speed and 9 m/s as a typical
high wind speed; we set the low SOC to 20%, medium SOC to 50%, and high SOC to 80%.
The results at low wind speeds are shown in Figures 9-11. The results include the frequency
variation, thermal-power frequency regulation power, wind-power frequency regulation
power, energy-storage frequency regulation power, and parameter variation. The results
were compared, including fixed parameter control and conventional fuzzy control results.
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Figure 9. Simulation results at a low wind speed and low state of charge.
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Figure 11. Simulation results at a low wind speed and high state of charge.

The working conditions used for the simulation are described below.

Case 1: Thermal generators only. Thermal power units are involved in frequency regula-
tion, while wind power units and energy storage are not involved in frequency regulation.

Case 2: Wind-power fixed coefficient. Thermal turbines are involved in frequency
regulation, energy storage is not involved in frequency regulation, and wind turbines are
involved in frequency regulation using inertia control with fixed parameters; Kd is set to a
constant value of —1.
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Case 3: Wind power fuzzy control. Thermal units are involved in frequency regulation,
energy storage is not involved in frequency regulation, and wind turbines are involved in
frequency regulation using fuzzy control.

Case 4: Wind power and storage fuzzy control. Thermal units are involved in
frequency regulation storage, wind turbines are involved in frequency regulation us-
ing their own independent fuzzy control, and storage is not controlled for the charg-
ing/discharging current.

Case 5: Wind power and storage fuzzy coefficient control. Thermal units are involved
in frequency regulation energy storage, wind turbines are involved in frequency regulation
using independent fuzzy controls, and energy storage is controlled using conventional
methods for charging/discharging currents.

Case 6: Wind power-storage combination fuzzy coefficient control. Thermal units are
involved in frequency regulation, while energy storage and wind turbines use the control
method proposed in this paper.

The simulation results at high wind speeds are shown in Figures 12-14. The simulation
results also show the ability of the proposed control strategy to suppress the frequency
disturbance and adapt to the energy storage and charging state. In addition, the proposed
control strategy can further improve the frequency regulation performance through dy-

namic regulation because the wind turbine can provide more backup power at a high
wind speed.
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Figure 12. Simulation results at a high wind speed and low state of charge.

Tables 5 and 6 show the comparison of the resultant data at low and high wind speeds,
respectively. According to the data analysis, the proposed control strategy has a significant
effect on reducing the frequency variation. At a medium SOC and low wind speed, the
frequency changes in Case 1 and the proposed control strategy Case 6 were 0.3212 Hz
and 0.1552 Hz, respectively, and the frequency change was reduced by 0.166 Hz. Ata
medium SOC and high wind speed, the frequency changes in Case 1 and the proposed
control strategy Case 6 were 0.3212 Hz and 0.1525 Hz, respectively, and the frequency
change was reduced by 0.1687 Hz. Compared with only wind power involved in frequency
regulation Case 2 and Case 3, the proposed control strategy had a significant frequency
change suppression effect. At low wind speeds, the frequency variations were reduced by
0.1216 Hz and 0.1073 Hz, respectively; at high wind speeds, the frequency variations were
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reduced by 0.1243 Hz and 0.11 Hz, respectively; The frequency change in the proposed
control was basically the same as compared to Case 4 and 5 but there is an advantage
of the proposed control strategy in terms of energy management. The proposed control
strategy reduces the SOC change at any operating condition, compared to Case 4. However,
Case 5 achieves charging at a low SOC change but increases the frequency change. Overall,
the proposed control strategy achieves synergistic control of the frequency variation and
SOC change.
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Figure 13. Simulation results at a high wind speed and medium state of charge.
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Table 5. Comparison of results at low wind speeds.

Frequency Change (Hz) SOC Change (%)
Parameters Low Medium High Low Medium High
SoC socC SoC socC SOoC socC
Casel: Thermal generators only 0.3212 / / /
Case2: Wind power fixed coefficient 0.2768 / / /
Case3: Wind power fuzzy control 0.2625 / / /
Case4: Wind power and storage fuzzy control 0.1528 0.1528 0.1528 —0.269 —0.1942 —0.1675
Case5: Wind power and storage fuzzy 0.2555 0.1528 0.1528 0.2725 ~0.1941 ~03781
coefficient control
Case6: Wind power-storage combination 0.1616 0.1552 01552  —02243  —0.1876 —0.1615

fuzzy coefficient control

Table 6. Comparison of results at high wind speed.

Frequency Change (Hz) SOC Change (%)
Parameters Low Medium High Low Medium High
SOC SOC SOC SOC SOC SOC
Casel: Thermal generators only 0.3212 / / /
Case2: Wind power fixed coefficient 0.2768 / / /
Case3: Wind power fuzzy control 0.2593 / / /
Case4: Wind power and storage fuzzy control 0.1501 0.1501 0.1501 —0.2624 —0.1953 —0.1686
Cased: Wind power and storage fuzzy 0.2522 0.1501 0.1501 0.2751 ~0.1953 ~0.3810
coefficient control
Case6: Wind power-storage combination 567 01505 01525 02253 01888  —0.1625

fuzzy coefficient control

4.2. Sudden Change in Wind Speed Simulation

Wind speed variations affect the frequency stability characteristics of a high percentage
of new energy power systems. In this paper, a combined wind speed model was used to
simulate the response of the proposed control strategy to sudden wind speed changes. The
basic wind speed was set to 6.2 m/s, the max speed of gust wind was set to 10 m/s, the
max speed of asymptotic wind was set to 3 m/s, and the max speed of random wind was
set to 1 m/s. The start time of gust wind was set to 1 s, the duration of gust wind was set
to 5 s, the start time of asymptotic wind was set to 2 s, and the ending time of asymptotic
wind was set to 5 s. A schematic of the wind speeds used for the simulation is shown in the
Appendix A. The simulation results are shown in Figures 15-19 and Table 7.

The analysis of the simulation results shows that the proposed control strategy has a
good ability to suppress the frequency disturbances caused by sudden wind speed. Com-
pared with the wind-power-and-storage fixed coefficient, the peak value of the proposed
control strategy was reduced by up to 12.2%; compared with the wind power fuzzy +
energy storage control curve, the peak value of the proposed control strategy was reduced
by up to 30.6%. The proposed control strategy’s performance was comparable to the energy
storage using the control curve under the medium storage charge state. However, in the
high- or low-charge state, the energy storage regulation coefficient needs to be adjusted
stepwise according to the charge/discharge state, which makes the system need more
regulation time and generates additional overshoot. The proposed control strategy can
achieve continuous dynamic adjustment of the energy storage control coefficient, avoiding
the control of the additional introduction of disturbances and significantly improving
control performance.
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Table 7. Comparison of results at a sudden change in wind speed.
Frequency Change Pack (Hz) Final SOC (%)
Parameters Low Medium High Low Medium High
Charge Charge Charge Charge Charge Charge
Condition Condition Condition Condition Condition Condition
Wind power and storage 0.3563 0.3563 0.3563 20.0055 50.0059 80.0084
fixed coefficient
Wind power fuzzy + energy ) 355, 0.3126 0.4506 20.0167 50.0061 79.9963
storage control curve
Wind power—storage
combination fuzzy 0.3137 0.3137 0.3126 20.0068 50.0062 80.0084
coefficient control
—— Wind power & storage fixed coefficient —— Wind power fuzzy + energy storage control curve Wind power-storage combination fuzzy coefficient control
Low charge condition
0.2 T T T T T
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-02 TTSNS—"
1 1 1 1 1 1 1
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Figure 15. The simulation results of frequency variation.
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4.3. Continuous Working Condition Simulation

To verify the operational capability of the proposed scheme under long-time operating
conditions and the robustness of the proposed controller, this paper used a Weber model
of wind power generation for simulation with a time duration of 1 h, where the scale
parameter was set to 10.53 and the shape parameter was set to 2.315. The simulation results
are shown in Figures 20 and 21 and Table 8.

The analysis of the simulation results shows that the proposed control strategy effec-
tively controls the energy storage SOC without affecting the frequency regulation results.
The soc is effectively controlled by 2.1 percentage points during one hour of operation. In
addition, the results also verify that the proposed control strategy improves the sudden
change regulation performance for the continuous regulation of parameters and avoids
additional frequency disturbances due to sudden parameter changes.

Table 8. Comparison of results at continuous working condition.

Average Frequency (Hz) Final SOC (%)
Parameters Medium-Charge High-Charge Medium-Charge High-Charge
Condition Condition Condition Condition
Wind power and storage fixed coefficient 49.9794 49.9794 26.2883 58.3845
Wind power fuzzy + energy storage 49.9792 49.9794 28.9737 57.1203
control curve
Wind power-storage combination fuzzy 49.9793 49.9793 27.5356 59.2084
coefficient control
—— Wind power & storage fixed coefficient —— Wind power fuzzy + energy storage control curve —— Wind power-storage combination fuzzy coefficient control
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Figure 20. Simulation results of medium-charge state.
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—— Wind power & storage fixed coefficient —— Wind power fuzzy + energy storage control curve —— Wind power-storage combination fuzzy coefficient control
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Figure 21. Simulation results of high-charge state.

5. Conclusions

This paper analyzed the frequency regulation performance of the wind storage system
and clarified the role of wind power and energy storage in collaborative operation. A novel
combination fuzzy controller was established. The controller considered the frequency
change in the power system, the wind turbine’s operation, and the battery’s SOC. The
proposed controller achieved an improvement in battery energy utilization efficiency based
on the improvement in the frequency regulation performance of the wind storage system.
The proposed control achieved good results in the simulation of multiple time scales.
In the simulation of step dynamic performance, the proposed controller max improved
the tracking effect by no less than 15%. In the simulation of abrupt wind speed, the
frequency deviation was reduced by 30.6%. The proposed control strategy can reduce
energy consumption by 2.1 percentage points per hour in continuous simulation.
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