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Abstract: The large-scale application of wind power eases the shortage of conventional energy, but it
also brings great hidden danger to the stability and security of the power grid because wind power
has no ability for frequency regulation. When doubly-fed induction generator (DFIG) based wind
turbines use rotor kinetic energy to participate in frequency regulation, it can effectively respond
to frequency fluctuation, but has the problems of secondary frequency drop and output power loss.
Furthermore, it cannot provide long-term power support. To solve these problems, a coordinated
frequency control strategy based on rotor kinetic energy and supercapacitor was proposed in this
paper. In order to ensure the DFIG provides fast and long-term power support, a supercapacitor
was used to realize the droop characteristic, and rotor kinetic energy was used to realize the inertia
characteristic like synchronous generator (SG). Additionally, the supercapacitor is also controlled to
compensate for the power dip of the DFIG when rotor kinetic energy exits inertia support to avoid
secondary frequency drop. Additionally, a new tracking curve of DFIG rotor speed and output power
was adopted to reduce the power loss during rotor speed recovery.

Keywords: rotor kinetic energy; supercapacitor; virtual inertia; droop control

1. Introduction

In recent years, the penetration of renewable energy connected to the power grid continues
to increase. As an important part of renewable energy, wind power’s installed capacity reached
200 million kilowatts by 2019 [1]. However, the large-scale application of wind power also brings
hidden dangers to the safety of the power grid and increases the difficulty of system frequency
regulation. Doubly-fed induction generator (DFIG) is one of the main types in the current wind power
market. It usually operates at a maximum power point tracking (MPPT) state [2], in which the rotor
speed is completely decoupled from system frequency. In this state, DFIG does not have the inertia
characteristic and droop characteristic like a synchronous generator (5G). Therefore, a power grid with
a DFIG will show weak stability when facing system frequency fluctuations [3].

In response to this problem, it is required that grid-connected wind farms should have the capability
of inertia response and primary frequency support in wind power grid connection guidelines [4-6].
The existing methods about DFIG participating in frequency regulation can be divided into three
categories including using rotor kinetic energy, keeping reserve power, and introducing energy storage
equipment. In the control strategy of using rotor kinetic energy, the droop loop and inertia loop for
inertial control are introduced to couple rotor speed with frequency deviation and change rate of
frequency [7-9], so that the DFIG can absorb or release rotor kinetic energy to participate in frequency
regulation. However, this strategy has the problem of secondary frequency drop during rotor speed
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recovery and the DFIG cannot provide long-term power support. In the control strategy of keeping
reserve power, the DFIG maintains a certain reserve power through the means of over-speed control or
pitch control [10-12], so the DFIG can provide primary frequency regulation and long-term power
support. However, in this method, the DFIG operates at the load shedding state in normal condition,
which causes a great waste of wind energy resources. In the control strategy of introducing energy
storage equipment, a supercapacitor installed at the direct current (DC) link of the DFIG back-to-back
converter [13,14] and a battery installed at the exit bus of the wind farm [15] are adopted as the virtual
inertia source to provide power support, which ensures that the DFIG operates at maximum power
point tracking (MPPT) state all the time. However, the cost and capacity of the energy storage device
will increase greatly because it only adopts an energy storage device to provide energy support and
rotor kinetic energy does not work. Therefore, if relying only on an energy storage device or rotor
kinetic energy to participate in frequency regulation, it cannot meet the power grid’s requirements for
a DFIG that simultaneously has a frequency regulation ability and maximum economic benefit.

Coordination control regarding energy storage devices has been widely developed in solving
wind power problems including smoothing the output active power of wind farms, suppressing the
shafting oscillation of the DFIG, and assisting the DFIG to realize low-voltage ride through [16,17].
It also provides a new idea for coordinating the DFIG and energy storage to participate in frequency
regulation. In [18-24], energy storages and rotor kinetic energy were coordinated as the inertial
source to improve the frequency dynamic response capability of DFIG. As for the selection of energy
storage, a supercapacitor [18-20], battery [21-23], and hydrogen energy storage [24] can all be used
as inertia sources to coordinate with the DFIG. In terms of the coordination control strategy, [19]
adopted the fuzzy logic controller to realize the inertia response of the DFIG under variable wind
speeds; [20] used cascading control strategy to coordinate the rotor kinetic energy and battery, thus
achieving the short-time inertia support of the DFIG under full wind speed; [21] explored the inertial
response capability of a battery-embedded DFIG and used it to provide power support in synchronous,
supersynchronous, and subsynchronous operations; [22] utilized an adaptive fuzzy control to achieve
the inertia support of the DFIG under full wind speed; and [24] adopted a torque limit strategy to
control rotor kinetic energy and participate in frequency regulation, and utilized a battery to solve the
secondary frequency drop caused by the torque limit control. Although the above studies [18-24] all
improved the DFIG inertia support capacity in a short-time, none of them studied the application of an
energy storage device in long-term power support and primary frequency regulation. Furthermore,
they all adopted MPPT as the tracking curve during rotor speed recovery, and did not consider the
output active power loss. Although energy storage was introduced to realize primary frequency
regulation in [25,26], they did not mention the implementation of the inertia characteristic of the DFIG.
Thus at present, there is no research to coordinate an energy storage device and DFIG to realize inertia
support and primary frequency regulation.

Based on the above studies, inertial and droop frequency control strategy based on the rotor
kinetic energy and supercapacitor was proposed in this paper, and its configuration schematic is shown
in Figure 1. Compared with the existing strategies, it has the following contributions.
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Figure 1. Configuration schematic of the inertial and droop coordination control strategy.
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(1) By coordinating rotor kinetic energy and the supercapacitor, DFIG has inertial and
droop characteristics like SG, which makes the DFIG realize the inertial response and primary
frequency regulation.

(2) A new tracking curve of DFIG output power and rotor speed is proposed in the approach,
which can effectively reduce the power loss during rotor speed recovery.

(3) By controlling the output power mode of supercapacitor, power dip of the DFIG happened at
the rotor kinetic energy exiting, power support is solved, and secondary frequency drop is also avoided.

2. Rotor Kinetic Energy of the Doubly-Fed Induction Generator (DFIG)

2.1. Inertial Support Capacity of Rotor Kinetic Energy

Inertia reflects the characteristic where the unit uses its rotor kinetic energy to restrain the change
of system frequency. In power system, inertia time constant H is usually utilized to represent this

action characteristic.
B Jwn?
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where H is the inertial time constant; Ey is the rotor kinetic energy; J is the moment of inertia; wy is the
rated rotor speed; and Sy is the rated power.

The rotor speed of SG generally operates in the range of 1-0.96 pu when it participates in system
frequency regulation. When the rotor speed is 0.96 pu, system frequency is in the lower limit value of
48 Hz, and SG releases the maximum rotor kinetic energy [15,24].
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where AE is the released rotor kinetic energy; Ey is the rotor kinetic energy corresponding to the
initial rotor speed wy; E; is the rotor kinetic energy corresponding to rotor speed w1, whose unit has
participated in frequency regulation.

In order to make the DFIG provide inertia support like SG, the first step is to analyze whether the
DFIG has enough rotor kinetic energy and quantify the inertia support capacity of the DFIG. Take a
DFIG of 2 MW and a SG with the same power for comparison and substitute the related parameters
into (2) and (3), the rotor kinetic energy released by the DFIG and SG can be calculated. When the SG’s
inertia time constant is H = 5 s [8], the released maximum rotor kinetic energy is 0.784 M]J. In general,
the rotor kinetic energy released by the SG is less than 0.784 M] because the system frequency is
usually higher than 48 Hz. As for the DFIG, it can be seen from (2) that the released rotor kinetic
energy is related to its initial rotor speed and the operating range of the DFIG rotor speed is generally
0.7 pu-1.2 pu. When the DFIG’s moment of inertia is ] = 7.4779 x 106 kgm2 [27], rotor kinetic energy
released by the DFIG at different rotor speeds can be obtained according to (2). It can be concluded
from Table 1 that the DFIG has the rotor kinetic energy of 1.57 MJ, even at a low speed of 0.8 pu, which
is twice as much as the maximum energy released by SG. In other rotor speeds, the energies are all
higher than 0.784 MJ. Therefore, the DFIG has enough rotor kinetic energy to provide inertia support
like the SG.
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Table 1. Inertia support capacity of the doubly-fed induction generator (DFIG) at different rotor speed.

Rotor Speed

(t.min-1) Rotor Kinetic Energy(M]) Power Support Time Under 10% Rated Power(s)
1800 (1.2 pu) 9.97 8.79 s
1500 (1 pu) 5.35 8.36 s
1350 (0.9 pu) 3.36 7s
1200 (0.8 pu) 1.57 6.02s

When the DFIG participates in system frequency regulation with 10% rated power, the power
support time can be calculated in (4). Considering that mechanical power Py, is not constant during
rotor speed decrease, it is necessary to calculate the energy loss caused by the mechanical power.

_ AE - APmAt _ AEx — [Pm(wo) — Pm(w1)]At

At = 4
0.1PyN 0.1Py @)

1 wrR
Py = EpHR2v3Cp( ; ,B) (5)

where At is the power support time; Py, is the mechanical power of DFIG; Py is the rated power of
DFIG,; p is the air density; R is the blade radius of wind turbine; v is the wind speed; w; is the rotor
speed; B is the pitch angle; and C; is the wind power coefficient.

It is shown in Table 1 that the shortest power support time was 6.02 s, which corresponds to
the rotor speed of 0.8 pu. In other rotor speeds, the power support times were all higher than 6.02 s.
Therefore, the DFIG can provide inertia support of not less than 5 s, like the SG. However, if the DFIG
is required to provide power regulation for long time, the energy is far from sufficient.

2.2. Conventional Frequency Control Strategy Based on Rotor Kinetic Energy

In order to maximize the utilization of wind power, the DFIG usually operates in the MPPT state.
The MPPT curve consists of the maximum mechanical power points at different wind speeds. In this
state, the output power of DFIG is Pyppr [22].

1
Pyppr = 5 PITRCp ™ w;? ©)

where Pyippr is output power in MPPT curve and C,™® is the maximum wind power coefficient.

If the DFIG operates in the MPPT state all the time, it has no ability to respond to frequency
fluctuation. Therefore, some scholars have considered using rotor kinetic energy to realize inertia and
droop control when the DFIG participates in system frequency regulation. In a conventional frequency
control strategy based on rotor kinetic energy, the control block diagram is shown in Figure 2 [7],
and the expression of the DFIG output active power is as follows.

df
Pret = PyippT — APy — AP = Pyppr — ZHa — DAf ?)

where P, is the reference value of the output active power; Pyppr is the output power in the MPPT
curve; H is the inertia time constant; D is the droop coefficient; AP; is the additional inertia power;
AP, is the additional droop power; f is the system frequency; Af is the system frequency deviation;
and df/dt is the frequency change rate.
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Figure 2. Block diagram of the conventional frequency control based on rotor kinetic energy.

In the normal condition, the system frequency is equal to the rated value, and the additional
power AP and AP; are both zero, and the DFIG operates at MPPT state point A (shown in Figure 3).
When the system frequency changes, the DFIG starts to participate in frequency regulation. If system
frequency is below the rated value, the additional inertia power AP; and droop power AP, will be
greater than zero under the excitation of frequency change rate df /dt and frequency deviation AP;.
The reference value of output active power Py¢ will be larger than the power of Po. As the mechanical
power remains constant at the moment of frequency change, the output power of the DFIG will be
greater than it. Thus, the DFIG will decrease its rotor speed and release the rotor kinetic energy to
provide power support. With the release of rotor kinetic energy, the additional power APy, AP,, and
DFIG output power Py will gradually decrease, and the system frequency will also return to the rated
value. Therefore, the DFIG realizes the function of effectively responding to frequency fluctuation and
participating in frequency regulation. In this stage, the operation curve of DFIG output power and
rotor speed is A-B-C.

P A — A-B-C-F-I-A Conventional control strategy
— A-B-C-E-A Coordination control strategy
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Output active powe MPPT
PalF — — ——-— C C— =
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Figure 3. Tracking curve of the doubly-fed induction generator (DFIG) power and rotor speed.
2.3. Power Dip and Power Loss during Rotor Speed Recovery

In the conventional frequency control strategy, the DFIG will exit frequency regulation and
recovery to the maximum power point A when the rotor speed decreases to w;. Different rotor speed
recovery strategies were proposed in [28-30] including the delay recovery strategy, the switching
control parameter recovery strategy, and the fixed output power recovery strategy. In these strategies,
the DFIG either adopts F-I-A (blue curve in Figure 3) as the tracking curve of the rotor speed and
output power or takes F-H-G-A as a tracking curve. F-I-A curve directly selects the MPPT curve as
the reference value of output active power. The F-H-G-A curve maintains at H point for a period of
time and then takes the MPPT curve as the reference value. However, they both have the problems of
output active power dip and output active power loss.
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For the output active power dip, it refers to the power of APp; or APpy. When the DFIG exits
frequency regulation, the additional power AP and AP, reduce to zero, and the output active power
decreases instantaneously. Then, the system will have a power shortage of APy or APpyy, which will
cause the phenomenon of secondary frequency drop. When the wind speed is 10 m/s, the value of
secondary frequency drop in different power dip is shown in Figure 4. It can be concluded that the
value of secondary frequency drop rises with the increase in power dip and it is proportional to the
output active power dip. When the power dip reaches 0.05 pu, the value of system secondary frequency
drop is almost equivalent to the primary frequency deviation. If it is not controlled, the drop degree
will be more serious.

For the output active power loss, it refers to the difference between mechanical power and MPPT
power. During rotor speed recovery, the MPPT curve will be adopted as a part or all of the output
power reference value. However, the DFIG only outputs the maximum power at point A, and it is
in the deceleration state on the other operating points of the MPPT curve. Therefore, the power loss
cannot be output effectively, and it is only used for the acceleration of rotor speed. When the DFIG
adopts the MPPT curve, that is F-I-A, as the reference value of output active power during rotor speed
recovery, the expression of output active power loss is shown in (8).

0.05
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Power dip=0.03pu E\:I:N 0.04
N Power dip=0.05pu FE E
L 499 1 S £0.03
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Figure 4. Secondary frequency drop under different power dip: (a) System frequency under different
power dip; (b) Relationship between power dip and secondary frequency drop.

Ploss = Pm = Puppr = %pHsz%p( “’;R, B) - %pHchpmanﬁ ®
where Py is the power loss; Pr, is the mechanical power of the DFIG; and Pyppr is the output power
in MPPT curve.

When wind speed is determined, the output active power loss Py, is a function of rotor speed w,
and the power loss under different wind speeds can be calculated according to (8). Aside from the
power loss percentage A, that is, the ratio of the output active power loss and DFIG real output active

power, can also be obtained.

)\(wr/V) _ Ploss _ Pm - PMPPT (9)

~ Pwmper Pmppr

It is shown in Figure 5a that the output active power loss increases with the rise in wind speed
and decreases with the recovery of rotor speed. When the wind speed is 10 m/s, the rotor speed is
1 pu in the normal condition. If the DFIG participates in frequency regulation and the rotor speed
decreases to 0.96 pu, the initial power loss percentage A is 17% (in Figure 5b), which is approximately
one sixth of the real active output power and causes a significant loss of DFIG output power. Although
the power loss percentage gradually decreases to zero with rotor speed recovery, the processing cannot
be completed in a few seconds. If the recovery process is too slow, the DFIG will be in a deceleration
state for a long time, which will cause a lot of waste of wind resources.
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Figure 5. Output active power loss during rotor speed recovery. (a) Relationship between rotor speed
and output active power loss. (b) Relationship between rotor speed and power loss percentage.

3. Frequency Regulation Scheme Based on Rotor Kinetic Energy and Supercapacitor

Considering that the conventional frequency control strategy based on rotor kinetic energy has
the problems of power dip and power loss during rotor speed recovery, which will cause secondary
frequency drop and output power reduction, an inertia and droop frequency control strategy based
on rotor kinetic energy and supercapacitor was proposed in this paper. It not only solves the above
problems, but also ensures that the DFIG can provide long-term frequency regulation.

3.1. Rotor Kinetic Energy Control Mode of the DFIG

It was proven in Section 2.1. that the rotor kinetic energy contained in the DFIG can provide
inertia support of not less than 5 s, which meets the system requirements of inertia response for the
DFIG [6]. However, if rotor kinetic energy is required to simulate the droop characteristic and provide
long-term power support like in (7), the energy is far from sufficient. Therefore, rotor kinetic energy is
only controlled to simulate the inertia characteristic and response frequency change rate df /dt in the
strategy. During a fault, the DFIG follows the A-B—C—E-A curve (red curve in Figure 3).

In the normal condition, the DFIG operates at the maximum power point A. If system frequency
fluctuates due to power unbalance, the DFIG will respond to the change in system frequency
instantaneously and release its rotor kinetic energy to provide inertia support. In the inertia response
period A-B-C, the reference value of the DFIG output active power is as follows:

PR_ref = Pmppr — 2Hj—f (10)
where PR ,f is the reference value of DFIG output active power; Pyppt is the output power in the
MPPT curve; and H is the inertia time constant.

With the continuous release of rotor kinetic energy, the change rate of system frequency will slow
down, and the output active power of the DFIG will also decrease. When the output power decreases
to Pc, which is equal to the maximum power P4 before fault, the DFIG is in the critical state of inertia
support. If the rotor speed and output power continue to decrease, in fact, the DFIG with an additional
inertia loop will no longer have the function of power support. Therefore, inertia support (that is rotor
kinetic energy) of the DFIG is set to exit at point C so that the DFIG output active power can reach
the maximum.

When the DFIG enters the rotor speed recovery period, a new tracking curve of output power and
rotor speed E-A is proposed to reduce the output active power loss. A is the maximum power point in
the MPPT curve. Its power P can be obtained from (11-1), and its rotor speed w can be obtained
before the fault. E is the starting point of speed recovery. Its rotor speed w1 is the same with point C
and can be calculated from (11-2). Its power Pg is determined by APcg and can be obtained from (11-3).
For APcg, it not only affects the rotor speed recovery time, but also affects the output active power
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loss, and the two factors contradict each other. Therefore, APcg shall be determined dynamically in
different system events, and the same experiment was also conducted in Section 4.2. The selection
criteria of APcg is to shorten the rotor speed recovery time on the premise of minimizing the power
loss. Furthermore, point E must be below point D because if the rotor speed is kept to accelerate,
the output active power Pg must be smaller than the mechanical power Pp. In the rotor speed recovery
period E-A, the reference value of the DFIG output active power is shown in (10).

Pa-P
PR ref = PE + —2—E (11)
wWo — W1
P = Pypppr(wo)
Pyppr(wy) —2HEE = Pa (12)
Pg = Pp — APcg

where P4 and wy are the power and rotor speed of point A; Pg and w; are the power and rotor speed
of point E; and APcg is the power difference of Py and Pg.

According to (10) and (11), the control block diagram of rotor kinetic energy in different response
periods can be obtained and is shown in Figure 6.

oY —
HIER» b, —F
P1 —w>-@e—]| . =P, - AP,
o, —w | + +
@ t : P
4 SE— | |4 ‘ R_ref
Maximum power Limit of

tracking curve change rate

1+T;s

Figure 6. Control block diagram of the DFIG rotor kinetic energy.

3.2. Supercapacitor Control Mode

It was proven in Section 2.1 that the rotor kinetic energy of DFIG was far from enough to provide
long-term power support. Thus, in the strategy, the energy storage device discharges to participate in
primary frequency regulation and make the DFIG have a droop characteristic like the SG. In addition,
the energy storage device is also controlled to compensate the output active power dip of the DFIG
and avoid the phenomenon of secondary frequency drop.

For the selection of the energy storage device, it is necessary to consider the requirements of the
power grid for frequency regulation. On one hand, the power grid frequency changes frequently, and
the number of exceeding frequency dead zones can reach thousands of times in a frequency day [30].
On the other hand, the system requires the response speed of unit that participates in frequency
regulation to the order of seconds. As a supercapacitor has the characteristics of high cycle times,
fast charging, and discharging speed, which meet the system requirements [26], a supercapacitor was
selected as the energy storage device.

In the normal condition, the output active power of supercapacitor is zero. When frequency
deviation exceeds the frequency dead zone of 0.033 Hz [6,30], the supercapacitor discharges and
releases its stored energy to participate in frequency regulation. In this period, the output active power
of the supercapacitor is as follows:

PE_ref = —-DAf (13)
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where Pg ¢ is the output power reference value of supercapacitor and D is the droop coefficient.
When the rotor kinetic energy exits the inertia support, DFIG will have a power dip of APcg.

Therefore, the supercapacitor is controlled to change its output power mode at the moment and

compensate the power dip, in order to avoid the occurrence of secondary frequency drop.

PE_ref = —DAf 4+ APcg (14)

If the output part APcg of the supercapacitor remains constant all the time, the output power of the
DFIG will be greater than the power shortage during rotor speed recovery, and it may lead to frequency
overshoot. Therefore, the PI regulator link (as shown in Figure 7) is introduced to reduce APc to
0 slowly and decrease power fluctuation. In the selection of the PI regulator, considering that the
constant parameter PI regulator has the problem of output power sudden change, and linear variable
parameter PI regulator has the problem that output power is difficult to adjust in time, the variable
parameter PI regulator based on Butterworth function was chosen to reduce the impact of the APcg’s
exit. When the rotor speed starts to increase (i.e., wy > w1), the APcp’s actual output value AP eas CE
(measured in the supercapacitor outlet) and the reference value 0 are controlled as the input of the PI
regulator. By continuously adjusting the PI regulator, the output part AP eqs cE Of the supercapacitor
will be reduced to 0 slowly, and the DFIG will recover to the only stable point A. In this period, the
reference value of the supercapacitor output power is shown in (14).

PE_ref = —-DAf + Kp(APmeas_CE — 0) + Kif (APmeas_CE — O)dt (15)

where K;, and K; are the proportional coefficient and integral coefficient of the PI regulator, and
APpeas_cE is the part output power of the supercapacitor.

Frequency
dead zone

Limit of

- » : Kp ‘ > change rate
A +
I
N K _[dt w, > w

PI controller

|
|
|
|
|
|
|
Variable- parameter :
|
|
|
|
|
|
|

Figure 7. Control block diagram of the supercapacitor.

During this process, the supercapacitor releases its energy and discharges to participate in
frequency regulation and the control block diagram of the supercapacitor in different response periods
can be obtained according to (12)-(14), which is shown in Figure 7.

In the above control mode, the supercapacitor discharges and supplies its power to the system.
However, if its energy is not sufficient, it also needs to get charged. When the frequency fluctuates,
the supercapacitor is controlled to release its energy to participate in frequency regulation, thus the
supercapacitor can get charged in the normal condition. Considering that constant power charging
mode [31,32] has more advantages in charging time and charging efficiency, it is used in the
supercapacitor getting charge from the power grid by the external charging device [33-35].
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3.3. Control Mode and Flow of Coordinated Frequency Control Strategy for the DFIG and Supercapacitor

As shown in Figure 1, the supercapacitor is connected to the DC bus between the rotor-side
converter (RSC) and grid-side converter (GSC) through the bidirectional DC-DC converter [14,36].
By controlling the DC-DC converter, the supercapacitor can discharge and provide its power to the
system through the GSC. For the RSC [37], it adopts the control mode of the power outer loop and
current inner loop to realize the effective control of the DFIG output power, and the reference value of
active power PR_ref is shown in Figure 6. For the GSC, it adopts the control mode of the DC voltage
outer loop and current inner loop to keep the DC bus voltage stable. For the bidirectional DC-DC
converter, its control system includes the power outer loop and current inner loop, which is shown in
Figure 8¢, and its power reference value Pg_¢f is shown in Figure 7.
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Figure 8. Control mode of the coordinated frequency control strategy for the DFIG and supercapacitor.
(a) Rotor-side converter control model; (b) Grid-side converter control model; (¢) Bidirectional DC-DC

converter control model.

In the control strategy, the function of the supercapacitor is to simulate the droop characteristic
and compensate the power dip. Compared with the droop characteristic, the time and power used
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to compensate power dip were shorter and smaller. Therefore, when configuring the capacity of the
supercapacitor, the main consideration is droop characteristic. It is stipulated in [6] that when the wind
turbine participates in primary frequency regulation, the power regulation shall not exceed 10% rated
power and the time is usually 30 s. Therefore, for 1.5 MW DFIG, the capacity of the supercapacitor was set
as 150 kW x 30 s. In this capacity, the maximum flow power through GSC is 400 kW [26], which is smaller
than the rated power of GSC (480 kW) and meets the power limit of GSC. As for the DC-DC converter,
its rated power is usually not less than twice that of the supercapacitor and can be set as 300 kW.

By coordinating the rotor kinetic energy and supercapacitor, it avoids the occurrence of secondary
frequency drop, reduces the power loss during rotor speed recovery, and realizes the smooth operation
of frequency. The most important is that the DFIG can have an inertia characteristic and droop
characteristic like SG. During frequency regulation, the control flow chart of the coordinated frequency
control strategy for the DFIG and supercapacitor is shown in Figure 9.
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in MPPT state €s regulation

DFIG outputs active power
Py o according to formula (9)

Supercapacitor discharge and|
outputactive power £y [
according to formula (12)
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Supercapacitor discharge and
outputactive power % r
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Rotor kinetic energy exits
frequency regulation, DFIG
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outputactive power Py ¢
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Figure 9. Flow chart of the coordinated frequency control strategy for the DFIG and supercapacitor.

(1) In the normal condition, the system is steady and the DFIG operates at the MPPT state. If the
supercapacitor’s state of charge (SOC) is lower than the upper limit, it is charged by the external
charging device from the power grid.

(2) When the system frequency decreases caused by load increase, the rotor kinetic energy and
supercapacitor will be controlled to participate in frequency regulation. If the rotor speed is higher
than the lower limit value 0.7 pu, the rotor kinetic energy of the DFIG will be released to provide inertia
support. If the system frequency deviation is greater than 0.033 Hz and the SOC of the supercapacitor
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is higher than the lower limit, the supercapacitor will control the discharge and release energy to
provide drop support.

(3) When the output power of the DFIG itself is equal to the power at steady-state operation
point A, rotor kinetic energy exits inertia support and the rotor speed starts to rise. Simultaneously,
the supercapacitor still discharges and increases the output active power APcg to compensate the
power dip caused by rotor kinetic energy exiting frequency regulation.

(4) In the stage of rotor speed recovery, a new tracking curve E-A of rotor speed and output
power is adopted to decrease the output power loss. Simultaneously, the increased part APcg of the
supercapacitor exits slowly to prevent the short-time overshoot of system frequency.

4. Simulation Analysis and Research

4.1. Simulation Model

In order to verify the correctness of inertia and droop frequency control strategy based on rotor kinetic
energy and supercapacitor, a four-machine and two-area model [38] was built in a MATLAB/ SIMULINK
simulation platform as shown in Figure 10. The power supply of area one was composed of a SG with a
governor and excitation regulator, and 300 DFIG with an energy storage device. The power supply of area
two was composed of two SGs. Load L2 and L3 were fixed active loads of 700 MW and 900 MW, and L1 is
a removable load of 700 MW. C1 and C2 were reactive compensation devices. The capacity and control
parameters of each power supply in the system are shown in Table A1 of the Appendix A.

Area 1l 220KV Area 2

G1 G3
v —'LC1 sz
1 Iy
L1 L2
G4
Supercapacitor

Figure 10. Simulation system model of four-machine and two-area.
4.2. Selection of Power Dip

The first step of verifying the coordinated frequency control strategy is to determine the value
of power dip APcg. When the wind speed is 10 m/s, the rotor speed recovery time and power loss
percentage of the DFIG under different power dip values is shown in Figure 11. It can be seen that
when APcg was 0.006 pu, the initial power loss percentage was only 2.5%, but the rotor speed recovery
time was up to 65 s. When APcg was 0.021 pu, the initial power loss percentage was up to 7.5%, but
the rotor speed recovery time only needed 18 s. The two cases were in the extreme state of power loss
and recovery time, respectively. From the relationship curve of power dip and power loss percentage
in Figure 11c, it can be concluded that the initial power loss percentage increases with the rise in power
dip in a fixed proportion. However, the decrease proportion of rotor speed recovery time was large
first and then small. If APcg, is greater than 0.011 pu, the decrease proportion of rotor speed recovery
time will be very small. Therefore, considering the two factors of rotor speed recovery time and output
power loss percentage comprehensively, it is more appropriate to select the power dip in the range of
0.011 pu—0.016 pu when the system wind speed is 10 m/s.

The value of power dip under different wind speeds can also be obtained using the above method.
Simultaneously, the rotor speed recovery time and initial output power loss percentage can be obtained.
The results are shown in Table 2.
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Table 2. Value of power dip at different wind speeds.

Win(ijs};eed APcg(pu) Rotor Speed Recovery Time (s) Initial Power Loss Percentage (%)
8 0.016-0.019 32-26 7.1-9
9 0.012-0.0167 31-25 5.3-6.95
10 0.011-0.016 27-21.5 4.1-55
11 0.010-0.015 32-26 22-3.7

10%
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. % ) — AR=0.016pu |
z & 6% — AP4=0.021pu
o ®
ae
“é § 4%
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o ;80 2%
0.985 0.99 0.995
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1.02 @)
101
=)
X
S 1
)
2
@ 0.99 —— ARy =0.006pu |
2 —— AR =0.011pu
2 098 — :
mU AF=0.016pu
740 60 éoCFO'Oﬂpuloo
Time (s)
b
8% - 80

—8— Initial power loss percentage
—<—Rotor speed recovery ti

T

2 {60 &
2 =
5 g
z 140 5
5 7
£ 120 &
5 o
S

o

2% : : g =

0.005 0.01 0.015 0.02

Power dip (pu)
(0)

Figure 11. Relationship between rotor speed and power loss under different power dip: (a) Output
power loss percentage during rotor speed recovery; (b) Rotor speed recovery curve under different
power dip; (c) Rotor speed recovery time and initial power loss percentage under different power dip.

4.3. Analysis of Simulation Results

To prove the superiority of the coordinated control strategy proposed in this paper, a case where a
load increase event (removable load L1) triggered at 50 s was simulated when the wind speed was
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10 m/s. In this case, the value of power dip APcg was determined as 0.016 pu according to Section 4.2.
Additionally, the dynamic response results of system frequency, rotor speed, and output power under
conventional control strategy, coordinated control strategy, and the DFIG not participating in frequency
regulation are shown in Figure 12. Furthermore, in order to verify the influence of the rotor kinetic
energy’s power support time, the fixed time frequency regulation strategy based on conventional
control strategy was also simulated. The only difference in the fixed time frequency regulation strategy
and conventional control strategy was that the rotor kinetic energy’s support time of the former was
longer than the latter. As for the power support time of the fixed time frequency regulation strategy,
we selected 20 s in this case.

No frequency regulation

o

— — Fixed time frequency regulatior|

— —Conventional control strategy |

o
—_

Coordination control strategy

Frequency deviation (Hz)
=)
N

-0.3
-04 : -
40 60 . 80 100
Time (t)
1.02 (@)
: No frequency regulation
— — Fixed time frequency regulation |
—~ — — Conventional control strategy
=t Coordination control strategy
& 1 i -
el T
2 s
& ) /
= 0.98 \ Y4
: NS
~ \\ ’.7
S~
0.96
40 60 Time (t) 80 100
(b)
= 0.5 No frequency regulation
& — — Fixed time frequency regulation|
% 0.45 — — Conventional control strategy
@) Coordination control strategy
3
5 0.4
% |\__/1// /.,—_o__—_',_"-——"_'
8035 |- 7v
=]
o
=
6o 03 . -
40 60 Time (1) 80 100
(©)

Figure 12. System dynamic response under different control strategies. (a) System frequency deviation;
(b) Rotor speed of the DFIG; (c) Output power of the DFIG.

It can be seen from Figure 12 that the maximum frequency deviation of no frequency regulation
was 0.38 Hz. In the conventional control strategy, the maximum frequency deviation was reduced to
0.33 Hz and the frequency change rate was also decreased. However, it had the problem of secondary
frequency drop at 64 s, which resulted in the time of frequency returning to stable being prolonged for
nearly 10 s. In the fixed time frequency regulation strategy, the secondary frequency drop value was
much smaller than the conventional control strategy. However, the time of frequency returning to
stability was also longer. The longer time of power support alleviated the secondary frequency drop,
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but led to the delay of recovering to stable. Furthermore, the steady-state frequency deviation of the
conventional control strategy and fixed time strategy were the same as the strategy of the DFIG not
participating in frequency regulation, which were all 0.22 Hz.

In the coordinated control strategy based on rotor kinetic energy and the supercapacitor,
the maximum frequency deviation was reduced to 0.29 Hz, the steady-state frequency deviation
was decreased from 0.22 Hz to 0.19 Hz, and the time of frequency returning to stable was also
smaller than that of the conventional control strategy and fixed time strategy. Furthermore, the
phenomenon of secondary frequency drop did not occur. This is because the timely exit of rotor kinetic
energy ensures the maximum active power output of the DFIG and reduces the maximum frequency
deviation. The long-term drop power support of the supercapacitor improves the steady-state value of
system frequency. The compensation of the supercapacitor for power dip avoids the phenomenon of
secondary frequency drop. Therefore, the coordination control strategy based rotor kinetic energy and
supercapacitor effectively improved the dynamic response characteristic of system frequency.

In addition, the simulated result also showed that the rotor speed recovery time of the coordinated
control strategy was almost equal to the conventional control strategy, which were both about 25 s.
This indicates that the selection of power dip APcg was reasonable. It can be seen from Figures 5 and 11
that the initial power loss percentage of the coordinated control strategy was 5.5%, which was
approximately 2/3 lower than the conventional control strategy of 17%. Therefore, it can be concluded
that the control scheme proposed in this paper can effectively improve the output active power loss
during rotor speed recovery.

For the coordinated control strategy, its inertia support response and droop support response
are shown in Figures 13 and 14. It can be seen that the power support time of the DFIG rotor kinetic
energy was about 5-6 s and was only used to simulate the inertia characteristic like that of SG. When
the output active power of DFIG was smaller than the maximum power before the fault (i.e., 55.4 s),
rotor kinetic energy will exit the frequency regulation in time. However, the exit of rotor kinetic
energy will cause the output power dip. As for the droop support response of the coordinated control
strategy, its power support is from the supercapacitor. It can be seen that the power support time of
supercapacitor was longer than the rotor kinetic energy and the output power of the supercapacitor
increased at 55.4 s to compensate for the power dip and avoid the secondary frequency drop, gradually
decreasing during 55.4 s to 59.8 s to avoid the frequency overshoot. In the coordinated control strategy,
the supercapacitor provides primary frequency regulation (primary frequency regulation is generally
30 s) and compensates for the power dip.

0.45

o
~

e
W
a1

e
w

50 60 70 80 90 100
Time (t)

Power difference between
DFIG and supercapacitor (pu)

Figure 13. Power difference between the DFIG and supercapacitor.
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Figure 14. Output active power of the supercapacitor.
5. Conclusions

If the DFIG only relies on rotor kinetic energy to participate in the system frequency regulation,
it cannot meet the power grid’s requirements of inertia response and primary frequency regulation.
Therefore, the inertia and droop frequency control strategy based on the rotor kinetic energy and
supercapacitor was proposed in this paper, which can ensure that the DFIG can provide fast and
long-term power support when the frequency fluctuates.

(1) The DFIG contains a lot of rotor kinetic energy, which provides the opportunity for the DFIG
to participate in the inertia response. In general, if the rotor speed in steady-state is higher than 0.8 pu,
the DFIG has the inertia support capacity of not less than 5 s under 10% rated power. Therefore, the
rotor kinetic energy of the DFIG can be used to simulate the inertia response characteristic like the SG.

(2) The supercapacitor has the characteristics of high cycle times, fast charging and discharging
speed, and long-time energy supply. Therefore, it can be used to simulate the droop characteristic like
the SG and provide primary frequency regulation. Combined with the inertia response characteristic
of rotor kinetic energy, it can make DFIG realize the fast and long-time power support when system
frequency decreases.

(3) In the coordinated control strategy, the output power mode of the supercapacitor can switch
with the DFIG operation state. By controlling the output power of the supercapacitor, it can effectively
solve the problem of power dip when the rotor kinetic energy exits inertia support and prevent the
phenomenon of secondary frequency drop.

(4) By adopting the new tracking curve of the DFIG rotor speed and output power, the output
power loss is effectively alleviated during rotor speed recovery. Furthermore, it can also ensure the
maximum output power without prolonging the rotor speed recovery time.
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Appendix A
Table A1. Power parameters of the four-machine and two-area system.
Power Supply Parameter Value
Power 1.5 MW
Voltage 690V
stator resistance/reactance 0.00706/0.171 pu
rotor resistance/reactance 0.005/0.156 pu
DFIG magneti.zing reactance 2.9 pu
inertia constant 5.04s
number of pole pairs 3
nominal DC bus voltage 1200 V
DC capacitor 10 mF
frequency 50 Hz
Power 900 MW
Voltage 20kV

Synchronous generator

d-axis synchronous/transient/
sub-transient reactance

g-axis synchronous/transient/
sub-transient reactance

1.8 pu/0.3 pu/0.25 pu

1.7 pu/0.55 pu/0.25 pu

stator resistance 0.0025 pu
high-pressure fraction Fyy 0.3
Turbine-governor reheat time constant T, 8s
8 droop 0.05
governor time constant Tg 03s
Power 0.15 MW
. Energy 0.0075 MWh
S t
upercapacitor Voltage 144V
Capacity 55F
power outer loop: Ky = Kpi3 1
power outer loop: Kj1 = K3 5
Rotor-side converter power outer loop: H 10.08
current inner loop: Ky = Kprg 0.3
current inner loop: Kjp = Kjp 8
voltage outer loop: Kyg1 0.002
Grid-side converter voltage outer loop: Kig 0.05
current inner loop: Kpgo = Kpe3 1
current inner loop: Kjg» = Kig3 100
power outer loop: D 10
Bidirectional DC-DC converter current inner loop: Kpe1 = Kpr2 1.5
current inner loop: Kig; = Kig 1
low- filter T 1
Filter ow-pass filter Tp, (i 0

high-pass filter Ty
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