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Analysis and quantitative
evaluation of wind turbine
frequency support capabilities in
power systems

Hongliang He, Huangqing Xiao* and Ping Yang

School of Electric Power Engineering, South China University of Technology, Guangzhou, China

With the rapid development of photovoltaic and wind power, the penetration rate
of renewable energy in power system is gradually increasing. This escalation
poses a challenge as it results in a continuous reduction in the inertia and
damping of the power grid, accentuating the issue of frequency stability in
power systems. It is one of the effective measures to deal with this risk that
renewable energy sources such as wind turbines actively provide frequency
support for power grid. This paper carries out research into the examination
of wind turbines’ capacity to contribute to system frequency support, considering
two aspects: inertia support and primary frequency regulation capabilities.
Subsequently, the frequency control method of the wind turbine support
system is analyzed, emphasizing the roles of rotor kinetic energy control and
power reserve control in facilitating frequency support. The evaluation of the
transient frequency support capability of wind turbines is introduced,
incorporating factors such as control methods, controller parameters, and the
duration of transient frequency support. Key metrics, including accumulated
energy and frequency change rate indices during the transient frequency support
stage, are proposed to quantitatively assess the transient frequency support
capability of wind turbines. These indices provide a comprehensive framework
for the quantitative evaluation of wind turbine transient frequency support
capabilities.

KEYWORDS

frequency support capability, wind turbines, control strategy, system frequency,
transient frequency support capability assessment

1 Introduction

In recent years, new energy power generation and voltage source converter-high voltage
direct current (VSC-HVDC) transmission technology have developed rapidly (Xu, 2020).
More and more new energy sources such as wind power and photovoltaic are connected to
the power grid through grid-connected converters, which makes the penetration rate of new
energy in the power grid continue to increase. The power grid presents the characteristics of
high proportion of new energy access and high proportion of power electronic equipment
(Wang et al,, 2020; Xiao et al., 2023a). Unlike synchronous generators, grid-connected
converters are static components without rotational inertia, and cannot respond to
frequency changes of the system through mechanical rotors (Wang et al, 2020).
Therefore, the inertia and damping of the power grid continue to decline with the
increase of new energy penetration (Zhang et al., 2018; Xiao et al., 2023b).
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In order to cope with the above risks, new energy stations such as
wind power stations need to have the ability to participate in
frequency modulation (Ruttledge et al., 2012). In countries with
rapid development of new energy, power grid companies have issued
relevant regulations, which have made rigid requirements on the
frequency of active support systems for energy stations (Yao et al.,
2021). The regulations “Technical rule for connecting wind farm
into power grid: Q/GDW 1392—2015” issued by the State Grid of
China point out that the wind farm should have the ability to
participate in system frequency modulation, peak shaving and
power reserve. When the output active power of the wind farm
is more than 20% of its rated output, all the wind turbines in the
wind farm should be able to achieve smooth adjustment of power
and participate in the active power control of the system (Wu and
Sun, 2018). Germany company TenneT requires that the grid-
connected wind farm must have the ability to participate in
frequency regulation, and the power capacity of the wind farm
participating in frequency regulation is not less than 2% of its
installed capacity (Tennet, 2023). The grid-connected regulations
of the Danish power grid require that the wind farm needs to reduce
the load according to its own operation (Energinet En, 2016). The
UK power system operation ESO also requires the frequency
modulation capability of the wind farm (ESO, 2021).

Considering the frequency support of the system from the wind
turbine level, it is mainly through control that the output active
power of the wind turbine can respond to the frequency of the
system and participate in the frequency modulation of the system.
By introducing virtual inertia and damping into the controller of the
wind turbine, the wind turbine has the external characteristics
similar to that of the synchronous generator, and has the inertia
and primary frequency modulation ability to meet the requirements
of the grid for the frequency modulation ability of the grid-
connected wind farm (Zhao et al, 2022). At the same time, the
frequency response characteristics of the system are improved, and
the inertia and damping of the system are increased. The wind
turbine can also reserve frequency modulation power for the system
through over-speeding control or pitch angle control, providing
continuous energy support for the system during the frequency
response process (Ouyang et al,, 2021). When the wind turbine
provides transient frequency support for the power grid, the
corresponding evaluation methods and evaluation indexes are
needed to evaluate and judge the transient frequency support
ability of the wind turbine, so as to facilitate the quantitative
analysis of the transient frequency support ability of the wind
turbine. However, the existing evaluation indexes of transient
frequency support capability, such as frequency change rate and
inertia time constant are usually used to evaluate the transient
capability  of
generators (Zhang et al., 2022), while the generalized inertia time

frequency  support traditional ~ synchronous
constant (Sun et al., 2020), equivalent inertia (Li et al., 2020) and
equivalent inertia promotion factor (Xu, 2022) are the evaluation
indexes of transient frequency support capability for power grid. The
transient frequency support capability of the wind turbine is closely
related to its control methods and controller parameters. Therefore,
the wind turbine needs a set of transient frequency support
capability evaluation indicators that can take into account its
methods and

participation control

controller parameters.

in frequency support
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Therefore, this paper first analyzes the function of wind turbine
participating in system frequency support and the role of wind turbine
frequency support function in system frequency. Then the specific
control method of wind turbine participating in system frequency
support is introduced. Secondly, considering the transient frequency
support control methods and the controller parameters of the wind
turbine, the duration of the transient frequency support, the evaluation
index of the transient frequency support capability of the wind turbine is
proposed on the basis of the original transient frequency support
capability index. Finally, a summary of the full text is given.

2 Frequency support function of
wind turbine

The frequency variation of the power grid is often caused by the
mismatch between the active power output by the power supply and
the active power required by the load. For synchronous generators,
the change of system frequency will change the rotor speed. When
the speed of the rotor changes, the kinetic energy released by the
rotor changes, and the energy absorbed or released by the rotor is
manifested as the increase or decrease of the electromagnetic power.
The changed electromagnetic power balances the power difference
of the system. The wind turbine adjusts its active power output by
simulating the controller as a synchronous generator swing equation
(Huang et al, 2020), thereby imitating the frequency response
process of the synchronous machine and participating in the
frequency adjustment of the system (Zhong and Georage, 2011),
The frequency response of the wind turbine is shown in Figure 1.
The swing equation of the synchronous machine is shown in Eqs
1, 2:

dAw
]—dt =P, — P, - DAw (1)
do
P @

Where, ] is the moment of inertia, Aw = wy — w is the generator
speed deviation, wy is the rated speed, w is the actual speed, P, is the
mechanical power, P, is the electromagnetic power, D is the
damping coefficient, 0 is the electrical angle of the generator
rotor. By replacing the mechanical power P, of the generator
with the reference value P, of the output power of the non-
synchronous machine power supply, and replacing the
electromagnetic power P, of the generator with the actual output
power P, of the non-synchronous machine power supply, the
control equation of the non-synchronous machine power
synchronization control loop can be obtained. The control
equation of the power synchronization control loop of the non-

synchronous machine is obtained as shown in Eq. 3:

1 1

:; m(Pref_Ps)+w0 (3)

2.1 Inertia support function of wind turbine

The inertia support of wind turbine is the function of the output
power of wind turbine to respond to the frequency change rate of the
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Low frequency scene

FIGURE 1
Frequency response diagram of wind turbine.

system (Morren et al., 2006). When the system frequency changes
and the frequency change rate is not 0, the inertia support of the
wind turbine begins to work, releasing or absorbing power, and
slowing down the speed of frequency change. When the frequency is
stable at a new stable operating point, the inertia support also stops
working (Milano et al., 2018). The characteristics of inertia support
are summarized as follows:

1) The inertia support is a differential feedback control of the
system frequency, compared with the primary frequency
control, the inertia support has the characteristic of
overshooting, and the response speed is faster.

2) In the initial stage of system frequency change, the frequency
change is small and the frequency change rate is large, so the
inertia support has a large output in the transient frequency
support stage.

3) The system frequency will be over to a new stable operating point
after a short transient frequency support process. At this time, the
inertia support no longer works, so the inertia support lasts for a
short time and the accumulated energy is very limited.

4) Since the inertia support only responds to the frequency
change rate, its main role is to prevent the system
frequency from changing rapidly, and cannot suppress the
amplitude of frequency rise or fall.

2.2 Primary frequency modulation function
of wind turbine

The primary frequency regulation of the wind turbine is the function
of the output power of the wind turbine to respond to the frequency
change of the system, and its essence is the active power-frequency droop
control of the wind turbine. When the actual operating frequency of the
system deviates from the rated frequency, the primary frequency
modulation begins to work, continuously releasing or absorbing
power, so that the frequency of the system does not continue to fall
or continue to rise (Qin et al, 2018). The characteristics of primary
frequency modulation are summarized as follows:

1) The primary frequency modulation is a proportional feedback

control of the system frequency. Compared with the inertia
support control, its response speed is slower.
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High frequency scene

2) In the early stage of system frequency change, the frequency
deviation of the system is small, so the output of primary
frequency modulation in the transient frequency support stage
is small.

W
=~

Primary frequency modulation is a continuous power support.
As long as there is a deviation in the system frequency, the
power of the primary frequency modulation support will
always exist. Therefore, the primary frequency modulation
lasts for a long time, and the accumulated energy is very
considerable.

'S
=

The primary frequency modulation is to provide power support
when there is a deviation in the frequency to prevent the system
frequency from falling or rising continuously, but it cannot limit
the rate of change of the frequency.

It is also necessary to point out that neither inertia support nor
primary frequency modulation can achieve error-free adjustment of
system frequency. Only by introducing the secondary frequency
modulation function into the controller can the wind turbine realize
the error-free adjustment of the system frequency.

3 Frequencg support control methods
of wind turbine

Due to the decoupling of the VSC-HVDC transmission system,
the wind turbine cannot directly respond to the frequency change of
the AC system to participate in the frequency support (Yao et al,
2021). Tt is necessary to transmit the frequency signal of the AC
system to each wind turbine. The wind turbine adopts the frequency
support control method to respond to the frequency change of the
AC system (Huang et al., 2017). According to the different principles
the methods
participating in frequency support mainly include: rotor kinetic

of frequency modulation, of wind turbines

energy control, power reserve control.

3.1 Rotor kinetic energy control
In order to maximize the use of wind energy, the maximum

power point tracking (MPPT) method is used when the wind turbine
is working normally. In the MPPT mode, the wind turbine supports
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the frequency of the current system through additional control
(Hurtado et al., 2002), including additional inertia control,
additional droop control, and the combination of additional
inertia control and droop control. Rotor kinetic energy control is
to release the kinetic energy stored in the rotor by changing the
speed of the wind turbine, and carry out inertia support, so there is
no need to retain power reserve.

Inertia control is added to the wind turbine to simulate the
inertial response process of the synchronous generator. When the
system frequency decreases and the frequency change rate is not 0,
the wind turbine releases the kinetic energy of the rotor by changing
the speed to support the inertia. The inertial control of the wind
turbine can be expressed as Eq. 4:

AP, = k% (4)

Where, AP is the power provided by the inertia support of the
wind turbine, k; is the inertia control coefficient, f is the frequency
of the AC system.

Adding droop control to the wind turbine can simulate the
governor response of the synchronous generator and realize the
function of primary frequency modulation. When the AC system
frequency decreases and the frequency deviates from the rated
frequency, the wind turbine changes the speed to release the
rotor kinetic energy for primary frequency modulation energy
support. The droop control of the wind turbine can be expressed
as Eq. 5:

APp =kp (fo - f) (5)

Where, AP; is the power provided by the droop control of the
wind turbine, kp is the droop control coefficient, f is the rated
frequency of the AC system.

The combination of additional inertia control and droop control of
rotor kinetic energy control can make the wind turbine have both
inertia support function and primary frequency modulation function,
so as to better support the system frequency. The additional inertia
control and droop control of the fan can be expressed as Eq. 6:

APyp = k,%+kD (fo-f) 6)

Where, APy, p is the total power provided by the inertia support
and droop control of the wind turbine.

3.2 Power reserve control

Rotor kinetic energy control is to use the kinetic energy of the rotor
for power support, but because it does not reserve power reserve, the
power and time that the wind turbine can support under this control are
very limited. When encountering large power fluctuations, the rotor
kinetic energy cannot provide sufficient power support. Therefore,
some scholars have proposed the use of power reserve control, so
that the wind turbine has a certain frequency modulation reserve power.
Power reserve control mainly includes two types of control: over-
speeding control and de-loading operation by pitch angle control
(Dreidy et al., 2017; Trovato et al,, 2020). The schematic diagram of
over-speeding control is shown in Figure 2A. Increasing or decreasing
the speed of the wind turbine can reduce the output of the wind turbine,
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but it is easy to cause the small-signal stability of the wind turbine when
the speed is reduced. Therefore, overspeed control is generally used to
reduce the load of the wind turbine. Let the speed of the wind turbine
work at a speed greater than the MPPT state, and the wind turbine runs
at a working point less than the maximum output power, leaving a
certain power reserve for the frequency support. When the system
frequency drops, the wind turbine improves the active power output by
reducing the speed. The over-speeding control can be expressed as
Eq. 7:

APge = Pyppr (1 — d%) (7)

Where, Pyppr is the output power of the wind turbine running
at the MPPT operating point, d% is the load shedding rate. By
adjusting the load shedding rate, the reserve power output of the
wind turbine can be adjusted to support the system frequency to
varying degrees.

The schematic diagram of the de-loading operation by pitch angle
control is shown in Figure 2B. When the speed of the wind turbine is
constant, the larger the pitch angle is, the smaller the output active
power is. By adjusting the pitch angle 5 of the wind turbine, the wind
turbine runs at the sub-optimal power point, leaving a certain power
reserve for the frequency support (Almeida and Pecas Lopes, 2007).
When the AC system frequency drops, the wind turbine improves its
active power output by reducing the pitch angle. In most cases, the de-
loading operation by pitch angle control of the wind turbine can be
carried out, so the control has a wide range of applications. However,
the variable pitch load shedding control is a mechanical adjustment, and
the adjustment speed is slow, so it cannot provide transient frequency
support for the AC system.

3.3 Rotor kinetic energy and power reserve
combined control

The control block diagram of the control method of the wind turbine
participating in the system frequency support is shown in Figure 3. Rotor
kinetic energy control can increase the inertia and damping of the system,
and power reserve can provide frequency support for the system.
Combining the two controls can further improve the frequency
stability of the system (Liu et al, 2016), so that the wind turbine can
have good frequency response characteristics under various operating
conditions. In response to different operating conditions, some scholars
have proposed control mode switching methods, so that the wind turbine
adopts different frequency support control methods under different
operating conditions, thereby improving the applicability of the wind
turbine (Attya and Thomas, 2014). Another method to improve the
frequency support effect of wind turbines is to optimize the controller
parameters of different control methods on the basis of joint control to
improve the frequency response characteristics of the system (Pradhan
and Chandrasekhar, 2016).

4 Evaluation index of transient
frequency support capability of
wind turbine

The existing evaluation index of transient frequency support
capability usually adopts inertia or frequency change rate at the
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FIGURE 2

Schematic diagram of over-speeding control and de-loading operation by pitch angle control.
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Power reserve control

Control block diagram of frequency support control methods by wind turbine.

moment of frequency change (Xu, 2022). However, these two
evaluation indexes only consider the frequency support ability
of the power supply at the moment when the system frequency
changes, and cannot reflect the frequency support ability of the
wind turbine in the whole transient frequency support stage.
Moreover, these two indexes do not take into account the
control method and controller parameters of the frequency
reflect the
characteristics of the frequency support of the wind turbine.
the method,
parameters and the duration of transient frequency support,

support of the wind turbine, and do not

Therefore, considering control controller
this paper proposes the cumulative energy in the transient
frequency support stage and the average frequency change
rate index in the transient frequency support stage to
evaluate the frequency support capacity provided by the wind

turbine during the transient process.

4.1 The cumulative energy in the transient
frequency support stage

Energy is the integral of power to time, so this paper considers
using energy to represent the support ability of wind turbines in the
transient frequency support stage. The power provided by the wind
turbine for the frequency support during the whole transient process
is integrated to obtain the accumulated energy of the wind turbine in
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the transient frequency support stage. The specific calculation
expression is shown as Eq. 8:

t1
E; = J APt (8)

0
Where, t0 is the time point when the frequency changes, t1 is the
time point when the transient frequency support ends, AP is the
active power supported by the frequency of the wind turbine during
the transient process. AP is related to the frequency support control
method adopted by the wind turbine. When the rotor kinetic energy
is used to control the additional inertia control, AP = AP;.
Therefore, the accumulated energy in the transient frequency
support stage can be expressed as Eq. 9:
f
Bp= [ k= k(- 1)

to

)

Where, f is the rated operating frequency of the system, f; is
the frequency of the system at the end of the transient frequency
support stage.

When the wind turbine adopts the rotor kinetic energy control with
additional droop control, AP = APp. Therefore, the accumulated
energy E in the transient frequency support stage can be expressed
as Eq. 10:

Es = rkD (fo— f)dt (10)

to
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When the wind turbine adopts the over-speeding control in the
power reserve control, AP = APy . Therefore, the accumulated energy
in the transient frequency support stage can be expressed as Eq. 11:

3]
Es = j Pypor (1 — d%)dt (11)

to

When the wind turbine adopts the de-loading operation by pitch
angle control in the power reserve control, due to its slow adjustment
speed, it cannot provide transient frequency support for the wind turbine.
Therefore, the cumulative energy in the transient frequency support stage
of the wind turbine is approximately 0 when this control is adopted.

4.2 The average frequency change rate in
the transient frequency support stage

The value of the transient frequency change rate at a time point
cannot represent its frequency support ability over a period of time,
while the average value can take into account the value of multiple
time points over a period of time, which can better characterize the
support ability of the wind turbine in the transient frequency
support process. Therefore, this paper considers using the
average frequency change rate in the transient frequency support
stage to represent the frequency support capacity of the wind turbine
in the transient frequency support stage. The average frequency
change rate %m of the wind turbine in the transient frequency
support stage is obtained by taking the frequency change rate of the
five time points in the transient support stage and calculating the
average value. The specific calculation expression is shown as Eq. 12:

df  1&df

5Zdt

Eave - (12)

t=t0+4 (t1-£0)

The average frequency change rate in the transient frequency
support stage takes into account the frequency change rate of the wind
turbine at five time points from the frequency change to the end of the
transient frequency support process, and takes its average to represent
the transient frequency support capability of the wind turbine, which
can more accurately reflect the frequency support capability of the
wind turbine in the whole transient support process. The smaller the
value is, the smaller the change rate of the system frequency during the
transient frequency support stage is, indicating that the frequency
support ability of the wind turbine to the system is stronger.

5 Conclusion

In this paper, the frequency support capability of wind turbines and
the control method of wind turbines participating in frequency support
are analyzed, and two evaluation indexes, the cumulative energy in the
transient frequency support stage and the average frequency change rate
in the transient frequency support stage, are proposed to evaluate the
transient frequency support capability of wind turbines. Among them,
the cumulative energy in the transient frequency support stage takes into
account the control method and controller parameters of the wind
turbine participating in the frequency support, and the index can be
obtained by integrating the support power provided by the wind turbine
in the transient frequency support stage; the average frequency change
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rate in the transient frequency support stage takes into account the five
frequency change rates from the system frequency change to the end of
the transient frequency support, and takes the average of the five values to
represent the transient frequency support capability of the wind turbine.
Summarizing the full text, the following conclusion are obtained:

1) Different from the synchronous generator, which supports the
frequency of the AC system by absorbing or releasing power
from the mechanical rotor, the wind turbine adjusts its output
power through the controller to support the system frequency.

2) The transient frequency support ability of wind turbine is
closely related to the frequency support control method and
controller parameters.

3) The cumulative energy in the transient frequency support
stage and the average frequency change rate in the transient
frequency support stage proposed in this paper take into
account the entire frequency support stage, which can more
accurately characterize the strength of the transient frequency
support capability of the wind turbine.
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