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Abstract: This paper proposes a Configuration method for energy storage (ES), in which the ES
inertia of ES is equal to an equal capacity synchronous generator. The purpose is to enhance
the frequency modulation capability of double-fed induction generator (DFIG) and wind power
consumption. Through the proposed method, the system inertia can remain unchanged after the
DFIGs replacing the conventional turbines. During the DFIG rotor speed recovery, the ES releases
energy to compensate for sudden changes in active power. On this basis, the DFIG and ES structure
model is created, and the ES control strategy is optimized, thereby effectively improving the DFIG
frequency modulation capability. Besides, in the non-frequency modulation period, the ES is used
to suppress wind power fluctuations, thereby improving system wind power consumption and
ES utilization. Simulation results indicate, in the ES-embedded wind turbine structure model, the
combination of the ES Configuration method and multi-functional strategy significantly improves
the frequency modulation ability and anti-interference performance of a single DFIG. Moreover, the
wind power consumption and ES utilization are improved, and the ES achieves additional value.

Keywords: frequency modulation; energy storage configuration; structure modeling; coordinated
strategy; wind power consumption

1. Introduction

Due to the decoupling of mechanical and electrical parts, doubly-fed induction genera-
tors (DFIG) cannot respond to grid frequency changes in time through inertia controls. As a
result, the system inertia decreases, and the frequency offset risk increases with large-scale
wind farm integration [1,2]. The authority of some high-permeability countries pointed
out that a grid-integrated wind farm should have the same primary frequency modula-
tion capability as conventional generators [3]. Therefore, wind farm participation in FM
becomes the focus of research.

After large-scale wind farms are connected to the system, the frequency support ca-
pacity decreases. In response to the issue, many scholars have conducted in-depth research
on control strategies. Common control strategies include virtual inertia control [4,5], rotor
overspeed and pitch angle control [6-8], droop control [9], and a combination of multiple
strategies [10]. The virtual inertia control uses the DFIG rotor kinetic energy to provide
inertial support for the system. The rotor overspeed and pitch angle control offset the
maximum power point tracking (MPPT) to reserve a certain amount of active power. How-
ever, under the virtual inertia control, the rotor speed is relatively low at low wind speed,
limiting the supporting capacity [11]. And many DFIGs simultaneously start the rotor
speed recovery at the end of inertia, which easily leads to the secondary frequency drop [4].
The overspeed and pitch angle control make the DFIG offset the MPPT, which significantly
reduces economy [12]. Although these control strategies achieved relatively good effects,
there are still some problems within only relying on the DFIG frequency modulation.
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Due to the characteristics of stable performance and fast response [13], ES has recently
been widely used to smooth the output fluctuations of renewable energy sources [14],
improve low-voltage penetration capabilities [15], etc. Also, ES helps DFIGs to improve
the frequency supporting capacity [11]. The research connected the ES device to the
wind farm output bus and designed a fuzzy-control-based strategy of using the ES to
simulate the frequency modulation inertia of the wind farm. But this strategy did not
consider the frequency supporting capacity of the wind turbines. The literature [16]
presented an ES dispatching strategy to stabilize the grid frequency based on the wind
speed prediction. It further proposed a power spectral density-based method for the power
system scale estimation, which significantly improved the system frequency response
capability. The literature [17] applied the ES to adjust the island system frequency integrated
with renewable energy, providing short-term frequency support for the system. However,
the studies [16,17] did not involve the coordination between the DFIG and ES, nor did they
develop the ES multi-functional potential.

In ES assisting DFIG to Configuration frequency modulation capacity, the litera-
ture [18] optimized the ES control coefficient and determined the optimal capacity based
on a simplified system frequency response model. However, the ES optimization Config-
uration strategy is too complicated for large-scale power systems. The literature [19-21]
proposes to Configuration ES capacity according to the demand inertia. The methods
adopted many simulations and optimization techniques. But they did not quantitatively
analyze the ES impact on the system frequency support, nor did they fully exploit the ES
multi-functional potential to improve the ES utilization.

Therefore, it is necessary to study the Configuration optimization and coordinated
control for the ES on DFIG-side to improve the DFIG frequency modulation ability and
develop the ES multi-functionality. This paper proposes an ES Configuration method based
on the inertial response and optimizes the DFIG and ES structure model and coordinated
control strategy. This study aims to improve the overall frequency modulation capability
of the DFIG and ES system, the wind power consumption, and ES utilization.

Compared with the existing researches, three innovations are summarized as follows:

(1) An ES Configuration method is proposed, which allows a small ES capacity to assist
the DFIG to meet the demands of system inertia and speed recovery at different wind
speeds; and

(2) A coordinated control strategy between wind turbines with ES is proposed, where
the ES assists the DFIG to provide better frequency support and speed recovery
capabilities at different wind speeds. The strategy uses the ES to smooth the wind
power ramp events in the non-frequency modulation period, improving the wind
power consumption and ES utilization.

A component-level design option and an ES selection are given under the premise of
the determined ES capacity. The design option satisfies the system safety and frequency
modulation requirements, effectively improves the frequency modulation performance
and anti-interference of a single DFIG, and therefore has practical value.

2. Frequency Modulation Response Characteristics of DFIG

The control principle of DFIG participating in system frequency modulation is shown
in Figure 1 [22]. Here, Py represents the DFIG output electromagnetic power, w is the
rotor speed corresponding to Pyy, w denotes the rotor speed, P, is the DFIG output power
reference value before frequency modulation, and APy is the DFIG active power increment
of frequency modulation. When operating normally, the DFIG runs in the MPPT mode.
When the frequency modulation is triggered, the selector switch changes from 1 to 2, and
the DFIG enters the frequency modulation mode. Tyy is the response time constant of DFIG
active power control, and PI represents the proportional-integral control. The limiting link
can limit the electromagnetic power amplitude output by the DFIG.
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Figure 1. The control principle of DFIG participating in system frequency modulation.

2.1. Dynamic Frequency Modulation Process of DFIG

The change process of DFIG speed and active power is divided into two stages in the
frequency dynamic response process: inertia response and speed recovery [23], as shown
in Figure 2. Although the DFIGs on a wind farm suffer the same frequency disturbance,
the operating state and inertia response capability of each DFIG are different at different
wind speeds. After the system disturbance is cleared, the rotor recovery power that needs
to be compensated is different for each DFIG to restore to the MPPT state [24]. This paper
divides wind speeds into three types: low wind speed (<8 m/s), medium wind speed
(8~11.7 m/s), and high wind speed (>11.7 m/s) [25]. According to wind power operating
statistics, the probability that the DFIG output power exceeds 80% of the rated value is
usually less than 10%. Namely, the DFIGs generally operate at low and medium wind
speeds [26]. Also, the pitch angle should not be adjusted to avoid damage to the wind
turbines at the high wind speed. Thus, this paper mainly studies the frequency modulation
performance of the DFIG and ES system at low and medium wind speeds.
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Figure 2. Frequency characteristic curve.

As shown in Figure 2, the curve of A—B—C presents the inertia response stage. The
DFIG normally runs at the A point on the MPPT curve. The dotted line of 0 B illustrates
the limit torques at different speeds. When the load is disturbed increasingly, and the
frequency deviation exceeds the dead zone of 0.033 Hz, the inertia response starts. Then,
the electromagnetic power suddenly increases to the set value of Pg. At this time, the
output electromagnetic power is greater than the mechanical power captured by the DFIG.
Next, the DFIG reduces the rotor speed to release the kinetic energy. As the speed decreases,
the output electromagnetic power decreases along the ramp line of B—C, and the gap
between the electromagnetic and mechanical power gradually decreases. When dw/dt =0,
the mechanical power is equal to the electromagnetic power, and a new equilibrium state is
reached at the C point. In the inertia response stage, the rotor runs from the initial speed of
w4 to the exit speed of wc and releases kinetic energy. Part of the kinetic energy increases
the output power (see the curve Pp—Pp—Pc—Pp), and the other compensates the DFIG
mechanical power loss (see the curve P —Pc) due to speed drop. The process is expressed
as

tO
AEop = [ (Pelt) = Pa)dt = AEx — Ao M

on

AE = A 7C) )
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M = [ (Ba— Py (1)) ®

on

In these equations: AEp denotes the total power on the DFIG rotor-side, Pa represents
the power at the tracking point before the frequency modulation, P¢(f) is the output
electromagnetic power, Py () is the input mechanical power, AEy is the total kinetic energy
released by the rotor, | is the total moment of inertia of the generator, AE). is the additional
wind energy loss due to reduced rotor speed, and ton, and £, respectively, represent the
start moment of frequency modulation and the exit moment of inertia.

The DFIG mechanical power is written as [27]

Py = 0.507tCp(A, B)R?*0° 4)

In these equations: p, R, v, Cp, B, and A are the air density, rotor radius, wind speed,
power coefficient, pitch angle, and tip-speed ratio. Cp, (A, B) is expressed as

Cp(A, B) = 0.645{0.00912/\ L2 0'4(2'652;? ) + 116, } (5)
1 0.035
A (6)

T A+008(25+B) 1+ (254 p)°

When the rotor kinetic energy deviation satisfies | Aw | <4 x 1077 (pu) [27] or the
frequency deviation change rate meets df /dt = 0, the rotor speed converges to the subop-
timal operating point of wc. As a result, the inertia response stage is over, and the DFIG
enters the speed recovery stage. To quickly restore the speed to the initial value, the DFIG
electromagnetic active output is reduced to the D point, and the rotor speed is restored to
the A point along the curve D—A. The speed recovery process corresponds to the curve
C—D—A, as shown in Figure 2. Unfortunately, the excessive electromagnetic active power
reduction can easily lead to the secondary frequency drop.

2.2. Frequency Modulation Response Capability of DFIG

Equations (1)—(6) show the DFIG output power. Changing C;, can adjust the DFIG
output mechanical power. And C;, is a function of w and B. Thus, the output power can
be expressed as the function of the rotor speed, i.e., f (w, B = 0). At a certain wind speed,
the power derived from the rotor kinetic energy is constrained by the range of rotation
speed w. The wind speed curve in Figure 2 shows that the rotor kinetic energy gradually
increases as the wind speed increases in the medium wind speed zone. In the low wind
speed zone, wa ~ wpin. Namely, the allowable change in speed is almost zero, and the
rotor does not release kinetic energy. Therefore, the wind turbine does not have the inertia
response capability at the low wind speed. The frequency modulation response process of
DFIG at the medium wind speed is shown in Figure 3.

Electromagnetic power

Mechanical power

>

fon foft fend t

Figure 3. The power change curve during the frequency modulation.
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When the system frequency is disturbed at the f,, moment, the frequency modulation
controller in the DFIG acts. As a result, the trajectory of the output power operating point
is the curve A—+B—C—E—F and that of the input power operating point is the curve
A—D—F. The meanings of the points A, B, C, and D in Figure 3 are the same as those in
Figure 2. The curve E (D)—F is the speed recovery stage of the DFIG. The areas of ABCD,
AHD are AEy and AE, respectively; the difference between the two areas is AEqp; teng
denotes the end moment of frequency modulation. The area of HE (D) F represents the
power required for speed recovery.

3. Strategies of ES Configuration and DFIG and ES Coordinated Control
3.1. DFIG and ES Coordinated Control Strategy

The analysis in Section 1 shows that the DFIG frequency modulation response ca-
pability depends on the wind speed. At the low wind speed, the DFIG has no inertia
frequency modulation capability. At the medium wind speed, the secondary frequency
drop may occur after the DFIG inertial response. To deal with the issues, the DFIG and ES
coordinated control strategy should achieve the two functions: (1) at the low wind speed,
the ES provides inertia support for the DFIG and ES system; and (2) at the medium wind
speed, the DFIG assists the rotor for speed recovery after providing the inertia support for
the system, thereby avoiding the secondary frequency drop caused by many DFIG exiting
simultaneously.

Since the characteristics are directly related to wind speed, the DFIG frequency mod-
ulation is divided into inertia response and speed recovery according to different wind
speeds [13]. It is easier to decrease the output power than to increase it. This paper mainly
discusses the situation of f > fin, and f < fiin is similar, where f, fin denotes the system
frequency and its lower limit, respectively. The specific implementation process is shown
in Figure 4.

(1)  When monitoring that the system frequency deviation Af is greater than the dead
zone, the DFIG and ES frequency modulation system starts.

(2) Inertia response stage: at the low wind speed, the DFIG maintains the original
operating state, and the ES provides the DFIG and ES system inertia if its state of
charge (SOC) meets the requirements; at the medium wind speed, the DFIG provides
the inertia, and the ES state remains unchanged.

(3) Speed recovery stage: at the low wind speed, the running status of DFIG will not
change, no need to restore speed; at the medium wind speed, the ES provides addi-
tional active power Pcp to quickly restore the MPPT state of the DFIG when its SOC
is more than the minimum value.

At different wind speeds, the coordinated frequency control between DFIG and ES
maintains the system inertia response ability, and avoids the secondary frequency drop.
The frequency control process is shown in Figure 5. At the low wind speeds, the switches
of 2, 3 are chosen; at the medium wind speed, the switches of 1, 4 are selected.
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Figure 4. The DFIG and ES coordinated control strategy.
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Figure 5. The frequency modulation control framework of the DFIG and ES system.

3.2. Frequency Modulation Demand Configuration of ES

The DFIG frequency modulation characteristics are directly related to wind speeds.
To improve the overall frequency modulation stability of the DFIG and ES system, the ES
capacity configuration should satisfy the following two requirements: (1) at the low wind
speed, the frequency modulation response capability of the wind storage system remains
unchanged after the ES replaces the conventional turbine of equal capacity because the
DFIG cannot release the rotor kinetic energy; and (2) at the medium wind speed, the ES can
provide the DFIG rotor with the power required for speed recovery to avoid the secondary
frequency drop caused by DFIGs exiting simultaneously.

3.2.1. Inertia Response Configuration

The energy for short-term frequency response in the synchronous generator mainly
comes from the rotational kinetic energy stored in the rotor [28]. The kinetic energy of Ex
is expressed as

1

_ 2
= ij ()

Ex
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The inertia time constant H is usually used to characterize the synchronous generator
inertia, which is written as
o E K ] w2
Sy 2SN
where Sy denotes the rated capacity the generator.
Similar to Equation (8), the virtual inertia Hy g of the DFIG and ES system is obtained

®)

as
n

Y. AEqpi + Ep
Hy g = 1215— )
N_WB
where 7 is the number of DFIGs in the wind farm, AE,; is the rotational kinetic energy
of the i-th DFIG, Eg is the equivalent kinetic energy stored in the ES device at the rated
frequency, SN wg is the total rated capacity of the wind storage system.
Equations (1)—(3) are substituted into Equation (9) to obtain the relationship between
the system inertia constant and the speed w:

(LA at) _ L (Pa — Py (t))dt] + Eg

n
i=1

Hy g = (10)

SN_WB

When the DFIG runs at the low wind speed, wa & wmin and the change in speed is
close to zero. And the DFIG rotor kinetic energy has almost no contribution to the system
inertia, which is all provided by the ES. During the frequency modulation process, the
speed change range of the synchronous generator is usually 0.96~1 pu [28]. Thus, the
maximum kinetic energy released by the rotor is calculated as

1
Exmax = 5] (1 —096%)w? ~ 0.0392]w? (11)

When the generator is running at the rated speed, the kinetic energy stored in the
rotor is

1 1
Ex = = Jw? = ZPyTi 12
K 2]60 S INT (12)

Jw* = PNTj (13)

In the equation Ty represents the time of the inertia participating in the frequency
modulation control and Py is the rated capacity of the synchronous generator.

In the constant power charging-discharging mode, the ES needs to release the inertia
equal to the synchronous generator within the period of At, namely,

Ep = Exmax = P X At = 0.0392P\ T (14)

where Pg denotes the ES capacity.
The literature [29] pointed out that the inertia participating in the frequency modula-
tion control is about 10 s in most power systems. Assuming At = Ty,

Pg = 0.0392Py = 0.0392(Py + Pp) (15)

Py = 0.0408Py (16)

Equation (16) shows that the ES with 5% of the wind farm rated power can meet the
inertia requirement considering the safety margin.
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3.2.2. Speed Recovery Configuration

As shown in Figure 3, during the speed recovery of a single DFIG, the changes in rotor
kinetic energy and input wind energy are

2 2
AR, = [WC—wi) (17)
2
fend
AEy = / Py (t)dt (18)
tott
The relationship between the two is described as
AP = AEy + AEw (19)

In the equation AP is the power change in the DFIG speed recovery process.

Using ES to assist DFIG in restoring MPPT operation and avoid secondary frequency
disturbances, the DFIG and ES can be regarded as subsystems of the DFIG and ES system.
The ES provides the additional active power AP of frequency modulation to compensate
the energy required for the DFIG speed recovery, the calculation of APg is expressed as

np np 2 _ 2 end
AP =Y AP =Y [](“’CZ“’A) +/ t Pwu)dt] (20)
i=1

i=1 off

In the equation 7y is the number of DFIGs participating in the wind farm inertia
response, and 11 < n. The ES capacity Configuration is written as

PESS = min(APB, APE) (21)

However, the uneven wind speed distribution leads to n1 < # in a large-scale wind
farm. Although the DFIGs do not participate in the frequency modulation, the ES still
engages in the speed recovery of the wind farm. As shown in Figure 2, the speed recovery
sudden change power Pcp of a single DFIG is less than the inertia response power Pac.
Therefore, configuration the ES with 5% of the wind farm rated power can meet the system
requirement for speed recovery.

In the SOC control of ES, the charging/discharging ability mainly depends on the re-
maining power at the previous moment and its charging/discharging efficiency. To prevent
overcharge and over-discharge, the charging/discharging rate should be set according to
the SOC. The closer to the SOC limit state, the slower the rate. The SOC correction formula
is created as

BP: .
SOCinr = SOC: + UPElgs discharge, Pt <0 2
SOC; + IEEUTt charge, Pt > 0
B — (S0Ci-1 o)

In the equation SOC; represents the SOC of ES at the t moment; # denotes the charging-
discharging efficiency; P; is the amount of charge and discharge, charging is positive and
discharging is negative; and f is the control factor of charging-discharging rate.

4. DFIG and ES System Structure Model

At present, the DFIG and ES structure is roughly divided into three types according
to the different ES installation positions: (D) the direct current (DC) bus on the DFIG-side,
@ the DFIG output bus, and () the grid-connected outlet bus of the wind farm. However,
the frequency fluctuations on the low-voltage side of the DFIG grid-connected transformer
frequently exceed the action threshold of primary frequency modulation [30]. It is essential
to improve the stability and anti-interference of the single DFIG. Therefore, this study
connects the ES to the DC bus on the DFIG-side, as shown in Figure 6. RSC and GSC
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represent the rotor-side and grid-side converters, respectively. The ES device is connected
to the DC-side bus capacitor through a bidirectional DC/DC converter, and its charging—
discharging power flows directly to the load-side through the grid-side converter. This
design integrates the DFIG and ES devices into a whole, and the reasonable control of the
two devices enables the DFIG and ES system to have a frequency modulation capability
similar to that of a synchronous generator. Besides, when the DFIG is in the non-frequency
modulation period, the embedded ES can smooth wind power fluctuations for improving
the wind power consumption. As a result, this design improves the ES utilization rate and
fully taps the ES multi-functional potential.
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controller | T J
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Figure 6. The DFIG and ES system structure.

In summary, the proposed DFIG and ES structure model can meet the specified
functional requirements. Next, Sections 4.1 and 4.2 analyze the economy and safety of the
overall structure.

4.1. ES Selection

In terms of ES device selection, the scholar Yang Y. H. derived the economic benefit
index of large-scale ES devices from the performance and economic indexes of ES devices:

Y = [Rout — Rin/n]/[C/(N x d) + Co] (24)

In the equation Royt and Rj, are the purchase price and selling price of ES electric
energy, C and Cj are the initial investment and operating cost of output power per kWh,
and the units are RMB/kWHh; d is the charging-discharging depth of the ES device, N is the
cycle life (times) under the corresponding d. The ES direct economic benefit is obtained
from Equation (24). The profit rate of r is calculated by

r=(y—1) x100% (25)

where r > 0 means profit, otherwise loss. According to the data provided by the battery
manufacturer, R;, = 0.15 RMB/kWh, and Ryt = 0.15 RMB/kWh. The economic benefit
evaluation [31] of various chemical energies is listed in Table 1.

Table 1. The performance and economic benefits of various chemical ES technologies.

C Maintenance Cost
ES Type 1 DOD XN RMB/KWh)  (RMB/KWh)
Lead-acid batteries 70~75 1 x 800 1 0.05 —54
Lithium-Ion battery ~ 90~95 1 x 1000 4.5 0.05 —86
Full flow battery 70~80 1 x 13,000 5~10 0.1 —30~26

Super capacitor 80~95 1 x 200,000 27 0.05 247




Energies 2021, 14, 5354

10 of 21

Table 1 indicates that the super capacitor can meet the requirement of frequently
charging-discharging due to a large number of cycles. And it has a profit rate of 247% in
economic evaluation. Moreover, it has a high power density and can output high power
instantaneously, which satisfies the primary frequency modulation requirements of the
grid. Therefore, this paper selects super capacitors as ES devices.

4.2. Safety Inspection

As shown in Figure 7, the super capacitor is connected to the bus capacitor on the DFIG
DC-side through the bidirectional DC-DC converter. The super capacitor ES device adopts
the constant power charging-discharging mode. Figure 7a,b shows the super capacitor
charging/discharging principle [32]. Here, R represents the resistance of the capacitor
equivalent circuit, I denotes the current flowing through the resistor, Pgsg is the ES power,
U, is the voltage across the capacitor, U is the voltage across the super capacitor ES device,
d =1 — v indicates the charging-discharging depth, v = Umax/ Umin is the voltage ratio,
and Umax and U,y are the highest and lowest operating voltages of the capacitor.

(a) (b)

Figure 7. The super capacitor charging—discharging principle (a) Charging schematic diagram,
(b) Discharge schematic diagram.

During the t period, the energy of the supercapacitor ES device is all released. Its
voltage is reduced from Umax to Upmin. The energy released in this process is

(')/2 - 1) CUanax

B + RCPESS Ind (26)

t
Egss =/0 Pssdt =

The electric energy released by the super capacitor ES device is

1—9?)CU3
E— ( i ) max (27)
2
Through Equations (26) and (27), the discharge efficiency is obtained as
Egss 2RPggg Iny
== =1+ —="_ (28)
E (1 - Vz)urznax
Considering the discharge efficiency, the ES capacity should be Configured as
P Prgs (1 —*) U3
pP— ESS _ ESS( Y ) max (29)

n (1= 9?)U3.x + 2RPgssIny

According to Equation (29), the premise of reducing the ES Configuration capacity is
to increase the ES discharge efficiency. As Equation (28), the super capacitor voltage should
be relatively large to maximize the ES efficiency. But the voltage of a single capacitor is
usually about 2.5 V. Thus, super capacitors need to be connected in series and parallel
for the ES high power requirement. If the ES device is composed of m groups of super
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capacitor modules in series and n groups in parallel, it is necessary to ensure that the super
capacitor power state at the minimum voltage is full power output, which is expressed as

RPEss
mn

The super capacitors meet Unin >> Iq R. Ignoring the equivalent series resistance R in
the capacitor, the ES capacity W, under the capacitor capacity Cr is

(31)

min )

1
W, = ECF(UI%MX —u?

Equations (28), (30), and (31) are combined to calculate the operating voltage and
efficiency of various combinations using the 144 V x 55 F supercapacitors, as listed in
Table 2.

Table 2. The operating voltage and efficiency under different combinations.

Group Numbers Group Numbers U IV UV Discharge
in Series in Parallel min max Efficiency (%)
6 2 30 864 97.7
5 2 32 720 96.9
4 2 36 576 95.7

According to the data in Table 2, this paper chooses 10 groups of 144 V x 55 F
supercapacitors with 5 groups in series and 2 groups in parallel to form the ES device.
The ES lowest operating voltage Upin is 32 V. The highest operating voltage Umax is 720 V.
The discharge efficiency is 96.9%. According to the output power limit of the grid-side
converter, the output power of the converter in the ES device participating in the frequency
modulation should meet the constraint:

P < Pl = Pocs — Pur (32)

In the equation Pps is the transmission capacity of the DFIG grid-connected inverter,
and P,pCS is the ES maximum transmission capacity.

We chose the DFIG of model CCWE-1500/70.DF. Its power is 1.5 MW, and its slip
range is 0.8~1.2. When DFIG runs at the super-synchronous speed and the slip rate of s <0,
the stator and rotor both feed power to the grid. The output power of the stator side to
the grid is Ps, and the output power of the grid-side inverter to the grid is Py, = (—s) x Ps.
When the DFIG runs at the high wind speed and super-synchronous maximum speed,
the rotor’s maximum output power across the grid-side converter is 250 kW. The ES
maximum output power is 5%-Py = 75 kW, and the maximum transmission power of the
grid-side converter is 325 kW. The rated power of the grid-side converter in the DFIG is
480 kW > 325 kW, which meets the output power requirements of the converter.

To sum up, it is feasible for the DFIG and ES structure, as Figure 6, selecting the
10 groups of 144 V x 55 F supercapacitors (5 groups in series, 2 groups in parallel) and the
DFIG (CCWE-1500/70.DF model, 1.5 MW).

4.3. Multi-Functional Control Strategy of ES

If the ES in the DFIG and ES system only assists DFIG for frequency modulation, it
cannot contribute to wind power consumption, resulting in low ES utilization. Under
normal operating conditions, frequency fluctuations caused by load disturbances are
low probability events. In contrast, the probability of ramp events is relatively high due
to random wind speed. It seriously affects the wind power consumption and the grid
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frequency [33]. Therefore, smoothing wind power ramp events can further improve the
frequency modulation effect. The wind power ramp event is defined as [34]

Py (t + At) — Py (t)
At

> ¢ (33)

In the equation Py (t + At), Py (t) are the wind power output power at the t + At and
t moments, respectively; At is the sampling period, ¢ is the fluctuation rate.

To improve ES utilization, this paper proposes an ES multi-functional control strategy.
That is, once the system frequency fluctuates, the frequency modulation control of the
DFIG and ES system will be activated. Under normal operation, the primary function
of ES is to smooth the wind power ramp events and improve wind power consumption.
The specific smoothing strategy refers to the literature [35]. In the embedded generator
structure model, the multi-function control strategy of ES is shown in Figure 8.

Activate the document Measur
storage coordination €— f < fmin € & eaSl:]e
control strategy equency
m——==n
| af
* =
| K*Af dt |
Inertia |~ 7¢7 Droop Wind power is smooth
/ control Y control frequency stability
DC AC
—
|\ —> ES
AC DC
Renewable Smoothed renewable
P. 1 : P .
uctuation fluctuation
Initiate the calming
strategy
Literature [40]

[B+A)-R@O|_ | | o
>¢& 4 fluctuation
| At ’ monitoring

Figure 8. The ES multi-functional control strategy.

5. Simulation Analysis
5.1. Simulation Parameters

To verify the effectiveness of the proposed ES Configuration method and coordinated
control strategy, a wind farm in northwest China was taken as the research object, and the
equivalent system was established on the MATLAB/Simulink software platform, as shown
in Figure 9. The two equivalent wind farms in the system are gathered at the 330 kV bus bar
through the two-stage boost of 0.69/35 kV and 35/330 kV, and then output electric energy
after being boosted by a 330/750 kV transformer. The parameters of system transmission
line, equivalent generator, equivalent DFIG, and DFIG and ES system power are listed in
Tables A1-A4 of Appendix A. The rated power of the equivalent synchronous generator
integrated into the grid is 4800 MVA, and its active load is 5600 MW. The rated power of the
equivalent synchronous generator in the local power plant of wind farm_2 is 2000 MVA,
and its active load is 600 MW. The upper and lower boundaries of the SOC are set to 0.8
and 0.2, and the initial value is set to 0.5.
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Figure 9. An equivalent power grid in Northwest China.

5.2. Load Step Disturbance at the Moderate Wind Speed

Under the above operating conditions, the DFIG operates in the MPPT state, where
the medium wind speed is 10 m/s. Given a sudden increase of 450 MW in load_1 at
the 5 s moment, three control strategies are comparatively analyzed to verify that the ES
Configuration capacity can assist the DFIG speed recovery. The strategies include the
DFIG individual control, DFIG and ES coordinated control, and equivalent conventional
generator control (i.e., the synchronous generator with the equal capacity as DFIG). The
frequency curve and frequency modulation power curve are shown in Figure 10.

As shown in Figure 10a, the lowest point of the primary frequency under the DFIG
individual control is the same as that under the DFIG and ES coordinated control. However,
when the rotor starts to recover speed, the DFIG individual control causes the secondary
frequency drop. The lowest frequency of the drop is 49.68 Hz, which is smaller than
49.70 Hz of the equivalent conventional generator, thus aggravating the system frequency
deterioration. The DFIG and ES coordinated control avoids this problem, and the lowest
frequency is 49.85 Hz. As a result, the system frequency modulation performance is
significantly improved. This is because the DFIG individual control does not provide
additional power to balance the energy absorbed by the DFIG rotor during the inertia
response stage. The DFIG and ES coordinated control uses the ES device to compensate for
the energy required for the DFIG speed recovery. As shown in Figure 10e, the ES releases
the energy for the DFIG speed recovery at the 7.9 s moment, thus avoiding the secondary
frequency drop.

At the 5 s moment, the system load suddenly increases. The DFIG releases its energy
to support the frequency by reducing the rotor speed, as shown in Figure 10c. Under
the DFIG and ES coordinated control, the wind farm is assisted by the ES device, and its
active output power continuously increases within a certain period. During this period,
the unbalanced system power borne by the regional and the local equivalent generators is
significantly reduced. During the ES gradually exiting the frequency modulation, conven-
tional generators serve as power support after the ES withdrawing, and their output power
increases, as shown in Figure 10c,d. Consequently, the system power balance is ensured,
and the system frequency operating characteristics are effectively improved.
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Figure 10. The simulation result of DFIG operating at the medium wind speed. (a) System frequency. (b) DFIG output

power. (c) Local generator output power. (d) Regional generator output power. (e) ES output power.

5.3. Load Step Disturbance at the Low Wind Speed

The DFIG and ES coordinated control and equivalent conventional generator control
are comparatively analyzed to verify that the proposed ES Configuration can effectively
provide inertia response. Given a sudden increase of 450 MW in load_1 at the 5 s moment.
The frequency modulation simulation results at the low wind speed (8 m/s) are shown in
Figure 11.
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Figure 11. The simulation result of DFIG operating at a low wind speed. (a) System frequency. (b) DFIG output power.
(c) Local generator output power. (d) Regional generator output power. (e) ES output power.

Figure 11a presents the system frequency response curve. The results show that the
frequency response of the DFIG and ES coordinated control is much better than that of the
equivalent conventional generator control. The maximum frequency deviation increases by
0.16% from 49.70 Hz to 49.78 Hz. The main reason is that the wind farm is assisted by the ES
device under the DFIG and ES coordinated control, which can quickly respond to system
frequency changes, reduce the frequency change rate, and improve the frequency deviation.
Under the DFIG and ES control, however, the frequency response at the low speed is worse
than that at the medium speed, as shown in Figures 10a and 11a. It is because the inertia
injected by the DFIG is greater than the ES maximum power. For example, when the DFIG
speed is reduced from 1.2 pu to 0.7 pu (i.e., minimum speed), the kinetic energy of 0.95 PN
is released, much greater than the ES energy of 0.05 PN.

Figure 11b shows the frequency modulation output power of the wind farm. When
the load increases at the 5 s moment, the DFIGs in the wind farm run at the low wind
speed. Consequently, the equivalent wind farms_1 and wind farms_2 cannot provide
inertia support, and the active output power is almost unchanged. The system inertia is
provided by the ES, which is put into operation at the 5.2 s moment, as shown in Figure 11e.
When the ES inertia gradually withdraws from the frequency modulation, the conventional
generator output increases to maintain the system power balance and frequency stability.
Therefore, during the ES inertia period, the output power of conventional generator grad-
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ually increases under the DFIG and ES frequency modulation control. After the inertia
control, the system frequency modulation power is mainly provided by the regional and
local equivalent generators, as shown in Figure 11c,d.

Furthermore, Figure 11c,d shows that after the equivalent conventional generators
replace the wind farms at the low wind speed, the active output increment of the regional
and local equivalent generators is less than that of the DFIG and ES coordinated control. At
the low wind speed, the DFIGs do not participate in the frequency modulation. Limited by
the capacity, the ES also exits the frequency modulation after the inertia response. The later
frequency modulation power is mainly provided by the conventional generators, which
need to compensate for the wind farm frequency modulation power. Thus, the output
power is greater than that of the equivalent conventional generators.

To sum up, at low and medium wind speeds, the DFIG does not need to reserve
spare capacity and runs in the MPPT mode with the ES assistance, thereby reducing the
wind abandonment. Moreover, the coordinated control of the two effectively avoids the
secondary frequency drop when the wind power exiting frequency modulation. It helps to
improve the dynamic frequency modulation capability.

5.4. Continuous Load Disturbance

To verify the adaptability of the DFIG and ES coordinated control strategy under
continuous load disturbances, a 2-h continuous load disturbance with the slight wind speed
fluctuation and significant load fluctuation is introduced. The disturbance curve is shown
in Figure 12, and the maximum load disturbance is 348 MW. Figure 13 presents the DFIG
and ES frequency deviation curve without participating in frequency modulation. The
frequency deviation curves of the DFIG and ES control and conventional generator control
are shown in Figure 14. The maximum frequency deviation occurs at 19:35. Taking the
deviation of non-frequency modulation DFIG and ES as the benchmark, the improvement
effect of the other two control strategies is calculated. The frequency modulation effect
under different control strategies is listed in Table 3.
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Figure 12. The continuous load disturbance curve.
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Figure 13. The frequency deviation curve of DFIG and ES not participating in frequency modulation.
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Figure 14. The frequency deviation curve under two control strategies.

Table 3. The frequency modulation effect under different control strategies.

Control Strate Non-Frequency Frequency Modulation = Conventional
8y Modulation DFIG and ES DFIG and ES Generator
Maximum
deviation /Hz —0.0998 —0.0133 —0.0187
Mean deviation/Hz —0.0678 —0.0066 —0.0119
Improvement (%) / 86.67 81.25

Figures 13 and 14 compare the DFIG and ES frequency dynamic response under three
different frequency modulation controls with continuous load disturbances. Compared
with non-frequency modulation control, the DFIG and ES control and conventional genera-
tor control both improve the system frequency effectively. Compared with the conventional
generator control, the improvement effect of DFIG and ES control is more apparent. The
improvement of the DFIG and ES control is 28.89% more than that of the conventional
generator control. It shows that the DFIG and ES coordinated control improves the dy-
namic characteristics of the frequency recovery transition process. The results in Figure 14
indicate that under continuous load disturbances, the DFIG and ES coordinated control
quickly responds to the frequency change, releases the rotor kinetic energy to provide
virtual inertia support, and assists DFIG in recovering the MPPT operation. It is similar to
the simulation result under the step disturbance.

5.5. Smoothing Function of ES

To quantitatively indicate the ES smoothing effect on the wind farm output in the
proposed DFIG and ES structure model, two evaluation indexes are defined. The smaller
the two, the better the smoothing effect.

(1) Sum of fluctuation over-limit amplitude APj: the sum of the difference between the
power fluctuation exceeding the target value at any two adjacent sampling moments
in the operating period of T, which is expressed as

|
APy = ) |AD (34)
k=1

In the equation: APy is the over-limit power of the k-th climb.
(2) Probability of fluctuation over-limit (r): the ratio of over-limit time to the total time in
the operating period of T, which is written as

13!
=~ Y At 35
r Tk;o (35)
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The combined output power fluctuation of the original wind power and DFIG and ES
is shown in Figure 15. According to Equation (33), take & = 2.4 MW /min. Figure 15 shows
that the probability of fluctuation over-limit in original wind power is very high, and the
maximum fluctuation reaches 5.8 MW /min. When the ES participates in the wind power
smoothing, the over-limit probability significantly decreases, and the maximum fluctuation
is reduced to 2.7 MW /min, a reduction of 36.2%. In the 24-h operating cycle, the ES charges
and discharges 15 times, and the total charging-discharging capacity is 5.46 MW-h. The
wind power smoothing effect is listed in Table 4.
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Figure 15. The combined output power fluctuation of the original wind power and DFIG and ES.

Table 4. The smoothing effect of wind power fluctuations.

Operation Mode APg R (%)
ES smoothing 0.16 3.77
Original wind power 0.59 25.16

The proposed strategy uses the embedded ES to stabilize wind power ramp events,
thereby alleviating wind power fluctuations. Consequently, the wind power consumption
and ES utilization are improved, and the ES achieves additional value.

6. Conclusions

Large-scale grid connection of wind power weakens the system inertia and brings chal-
lenges to the system frequency stability. This paper proposes an ES Configuration method
of equivalent synchronous generator inertia. Furthermore, based on the proposed DFIG
and ES structure model, the coordinated control strategy and an ES multi-functional control
strategy are developed. The following conclusions are obtained through the simulation
analysis.

(1) An ES Configuration method is proposed, in which the ES inertia of ES is equal to
an equal capacity synchronous generator. By configuration about 5% of the wind
farm rated power for ES, the system inertia response ability can remain unchanged
after the DFIGs are connected to the system for replacing the conventional generators.
Through the DFIG and ES coordinated control strategy, the ES assists the DFIG
speed recovery to avoid the secondary frequency drop and improve the frequency
modulation stability of the DFIG and ES system at different wind speeds.

(2) The component-level design option of the structural model is presented. The super-
capacitor installation mode with a total of 10 groups of 5 in series and 2 in parallel
is selected. It can meet the economic and safety requirements of the DFIG and ES
system structure. An ES multi-functional strategy is proposed, which can smooth
the ramp events, thereby improving the wind power consumption and ES utilization.
Besides, the frequency modulation stability and anti-interference of the single DFIG
are improved. This system structure has enormous application potential for future
smart grids and microgrids.
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Appendix A

Table A1. The system transmission line parameters.

Transmission Line  R/(QV/km)  X/(Q}/km) B/(10~% S/km) Length/km Un/kV

L1 0.040 0.321 3.54 219 330
L2 0.013 0.139 443 279 750
L3 0.040 0.321 3.04 150 330
L4 0.046 0.331 3.50 10 330
L5 0.013 0.139 443 560 750

Table A2. The equivalent generator parameters.

Generator Name Xd X'd X7d Xq X'q X"q Xa
Northwest Generator 1.651 0.232 0.171 1.59 0.332 0.171 0.003
Jiuquan Generator 1.861 0.2 0.17 1.814 0.333 0.167 0.002
Generator Name X1 T/do T7d0 T/q0 T7q0 TJ H
Northwest Generator 0.102 59 0.033 0.956 0.078 10 6.5
Jiuquan Generator 0.073 0.47 0.035 0.9 0.06 8 6.5

Table A3. The DFIG parameters.

Generator Name Rs Ls Rr Lr Lm TJ
Equivalent DFIG 0.069 0.084 0.126 0.126 3.78 5.4

Table A4. The DFIG and ES power parameters.

Generator Name Rated Power (MW) Maximum Output Power
Wind farm 1/ES1 2000/100 1530/100
Wind farm 2/ES2 400/20 220/20
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