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Abstract: The wind turbine generator participates in the primary frequency regulation of the power
system by releasing kinetic energy from the rotor. It is necessary to ensure that the rotor speed and
converter capacity are within the safe range during the frequency regulation process; otherwise, it will
have serious negative effects on the frequency stability of the power system. As an important primary
frequency regulation parameter, the dead zone affects the evaluation of the frequency regulation
ability of WTG. Therefore, the influence of the dead zone should also be further considered. In order
to evaluate the frequency regulation capability of wind turbine generators more comprehensively
and accurately, this paper proposes an optimized method for the parameter of virtual synchronous
control for wind turbine generators by considering the dead zone and physical constraint boundary
of primary frequency regulation. After establishing the time domain expression by considering the
frequency regulation dead zone, the real-time frequency regulation capacity of the wind turbine
generator is quantified by considering the speed limit of the rotor and the capacity limit of the
converter. Furthermore, the optimal value of the frequency regulation coefficient can be derived.
Simulation results show that the proposed method can effectively reduce the frequency deviation
and frequency change rate of the power system, which can also keep the response within the physical
constraint boundary. Consequently, the proposed method can fully utilize the ability for frequency
regulation of the wind power generation system and effectively improve the frequency stability of
the power system.

Keywords: wind turbine generator; dead zone; physical constraint boundary; primary frequency
regulation; frequency stability

1. Introduction

Under the pressure of environmental pollution and an energy crisis, the development
and utilization of renewable energies have received more and more attention in the modern
power system [1,2]. As WTGs are connected to the power grid through power electronic
converters, they are decoupled from the power system and cannot provide frequency
support. Therefore, replacing traditional synchronous generators with WTGs will inevitably
reduce inertia and weaken the frequency regulation ability of the power system [3–5]. In
the case of interference, the power system with a high proportion of renewable energies is
more prone to grid frequency accidents [6,7].

On the one hand, in order to solve the problem of low inertia and weak damping in the
modern system, many scholars have proposed the control strategy of a virtual synchronous
generator, that is, by simulating the rotor characteristics of a synchronous generator, the
inverter can have inertia and damping [8,9]. The fluctuation of the output frequency and
power can be suppressed. In addition, the system’s stability can be improved by using VSG
control, which has a broad prospect of application [10,11].
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On the other hand, the WTGs participate in frequency regulation mainly through load
reduction control [12,13] and rotor kinetic energy control [14,15]. The control of decreasing
load is divided into pitch angle control and rotor over-speed control, so that the WTG
cannot operate in maximum power point tracking (MPPT) mode. Meanwhile, it reduces
the amount of wind energy captured and decreases the economic benefits of the wind farm.
Moreover, frequent pitch angle actions will increase the mechanical wear degree of WTG.
The rotor kinetic energy control enables the WTG to operate at the MPPT point during
normal operation without additional investment. Therefore, this paper focuses on using
rotor kinetic energy to realize frequency support for WTG.

A too small frequency regulation coefficient with rotor kinetic energy control is not
helpful to fully release the frequency regulation capability of WTGs; on the contrary, a
too large frequency regulation coefficient will easily lead to the rotor speed exceeding
the constraint value. Therefore, the selection of frequency regulation coefficients for rotor
kinetic energy control of WTGs has been further studied. The authors of [16,17] adapted
the fixed PFR coefficient control, which results in limitations in the frequency response
capability of renewable energy units under different wind speed conditions. Therefore,
the variable droop coefficient control method is developed in [18] by adapting to different
wind speed conditions. However, the WTG is in a state of load reduction and does not
operate at the optimal working point, which reduces the economy of the wind farm. The
authors of [19] use the joint control method combining fuzzy control and predictive control
to improve the frequency response, supporting the performance of participating systems
for VSG. However, the VSG control system is equipped with electrical energy storage, and
the control strategy is not applied to WTGs with limited frequency regulation capability,
so the practical engineering application value is limited. The authors of [20,21] proposed
a modified virtual rotor mechanism, including virtual inertia and virtual damping, to
improve the frequency stability of the power system. The authors of [22] studied the
comprehensive control strategy of adaptive inertia and damping but did not explain the
parameter formulation principle of the inertia and damping coefficients. The authors of [23]
proposed a coordinated control method between a wind energy conversion system and
a small hydro-generator by modified notch filters without considering the rotor speed
constraint of the WTG and the converter capacity limit. The authors of [24] studied the
adaptive primary frequency regulation approach with turbine limitations, but they ignored
the influence of the primary frequency regulation dead zone.

To sum up, firstly, in most studies, VSG control systems are equipped with electrical
energy storage, but the energy storage unit will increase the cost of wind farm construction.
There are few studies on the frequency regulation control strategy of a VSG control system
with limited frequency regulation capability. Therefore, for WTG based on VSG control
with limited frequency regulation capacity, the study of a frequency regulation control
strategy has significant practical engineering value. Next, there are a few parameter for-
mulation principles that comprehensively consider the rotor speed constraint of the WTG
and the converter capacity limit. Most of the existing literature only considers the rotor
speed constraint, which ensures the safety of the operation of WTG, but ignores the con-
verter capacity limit of WTG during the frequency regulation process. The inappropriate
frequency regulation parameter tends to make the converter capacity exceed the limit, re-
sulting in converter damage to the WTG. Lastly, the above literature does not quantitatively
consider the influence of the PFR dead zone on the frequency regulation process of WTGs.
The dead zone is one of the most important parameters of PFR. However, there are few
literature studies that quantitatively consider the influence of the PFR dead zone during
the frequency regulation process of WTG. The setting of the frequency regulation dead
zone is related to the response speed and output of PFR. If the dead zone is set too small,
even a slight frequency deviation may cause WTG to respond to the frequency issue, which
will affect the service life of WTG and the stability of the power system. If the dead zone
setting is too large, the WTG will not act when the system has a large, unbalanced power,
which is not conducive to the rapid action of PFR to raise the frequency to the specified
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range, and frequency accidents may occur. Additionally, the authors of [25] show that if
the influence of the PFR dead zone is not considered, the frequency deviation obtained
from analysis is smaller than the actual value, so the frequency regulation capability of
WTGs cannot be accurately evaluated. Therefore, in the study of frequency regulation
parameter optimization for WTG, the modeling of the PFR dead zone should be more
carefully considered so as to accurately characterize the PFR capability of WTG, which can
improve the capacity of renewable power systems to cope with sudden load changes and
the frequency stability of the system.

In order to fill the gaps, this paper proposes an optimization method for a virtual
synchronous control parameter of WTG that takes into account the PFR dead zone and
physical constraint boundary. The main contributions to this article are as follows:

• Based on the WTG model controlled by VSG, in order to evaluate the frequency
regulation capability of WTG more comprehensively and accurately, the primary
frequency regulation dead zone is modeled. Then, the evaluation index expression of
the whole process of frequency response after the load disturbance is derived through
time domain analysis;

• Based on the frequency regulation capacity margin of WTG, this paper proposes a
method of frequency regulation capability evaluation by considering both the speed
limit of the rotor and the capacity limit of the converter. According to the proposed
method, the real-time frequency regulation capacity of WTG is quantified by optimiz-
ing the frequency regulation coefficient.

2. Frequency Regulation Strategy of WTG Based on VSG Control
2.1. VSG Control

Due to the converter control, the rotor speed of the WTG is completely decoupled
from the frequency of the power system, so the WTG lacks frequency support capacity. In
practice, the control technology of the WTG can be improved by simulating the characteris-
tics of a synchronous generator so that the WTG can provide inertia and damping for the
power grid. Figure 1 is the VSG control block diagram.
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Figure 1. VSG control block diagram.

The VSG control strategy mainly includes active power-frequency control and reactive
power-voltage control. The active power-frequency control equation of VSG is shown
in Equation (1) [6]:

Jvsg
d(ωvsg −ω0)

dt
= Pre f + Kvsg(ω0 −ωvsg)− PW − Dvsg(ωvsg −ω0) (1)

The reactive power-voltage governing equation of VSG is shown as follows [6]:

E = Kq(Qref −Q) + Uref (2)

The VSG control is applied to the frequency regulation of the WTG to improve the
frequency stability of the power system.
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2.2. Frequency Regulation Control Model of WTG

The WTG model controlled by the VSG includes the wind turbine model, shafting
rotation model, MPPT control, and the VSG control system. If WTG works in MPPT mode,
only the kinetic energy of the rotor can be used to support the system frequency. The
frequency regulation control block diagram of the WTG based on VSG control is shown
in Figure 2 [26].
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Figure 2. Control block diagram of WTG.

When the WTG operates in MPPT mode, the output active power is only determined
by the WTG rotor speed, and the output active power can be expressed as follows:

PMPPT = kωω3
r (3)

Since the frequency response expression of the system needs to be quantitatively
derived in this paper, the least squares method is adopted to linearize the output active
power of the MPPT control link to facilitate the subsequent calculation, which is shown in
Figure 3. The minimum constraint value of the rotor speed is 0.7 pu.
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After linearization by the least squares method, the output reference power under
MPPT control is expressed in Equation (4):

PMPPT = kωr − b (4)

where k and b are the slope and intercept of the line after linear fitting by the least squares
method, respectively.
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The output electromagnetic power of the WTG can be expressed as follows:

PWTGe = PMPPT + ∆Pd (5)

The rotor motion equation of the WTG is shown in (6):

2HWTGωr
dωr

dt
= PWTGm − PWTGe (6)

When the WTG participates in the frequency regulation process, the rotor speed of
the WTG will change, and on this time scale, the wind speed can be considered constant.
Therefore, to simplify the analysis, the variation of PWTGm can be ignored, and the mechan-
ical power of the WTG is assumed to be equal to the output active power under MPPT
control. Then, when the WTG participates in the frequency regulation, the small signal
equation of Equation (6) can be expressed as in (7):

2HWTGωr0
d∆ωr

dt
= −∆PWTGe (7)

Equations (4) and (5) can be substituted into (7) as follows:

2HWTGωr0
d∆ωr

dt
+ k∆ωr = −∆Pd (8)

3. Frequency Response Analysis Considering the PFR Dead Zone

In order to establish a frequency response model of the power grid considering the
PFR dead zone, the expression of WTG in the frequency regulation process is derived
first. Furthermore, the modeling of the PFR dead zone is quantified. On this basis, the fre-
quency characteristic expressions of the whole process after power disturbance are derived,
which lays the foundation for the formulation of a frequency regulation parameter in the
next step.

3.1. The Expression of Frequency Response for WTG

For the WTG based on VSG control, ∆PW is related to ∆f and the change rate of
frequency; therefore, ∆PW can be expressed as Equation (9):

∆PW(s) = −
(
Kvsg + Dvsg

)
∆ f (s)− Jvsg

d∆ f (s)
dt

+ ∆Pref (9)

where ∆Pref = ∆PMPPT.
In the process of PFR, the additional increment of electromagnetic power for WTG

based on VSG control is shown as follows:

∆Pd = −Jvsg
d∆ f
dt
−
(
Kvsg + Dvsg

)
∆ f (10)

By substituting (10) into (8), the deviation of rotor speed for the WTG can be obtained
during the PFR process:

∆ωr(s) =
Jvsg

d∆ f (s)
dt +

(
Kvsg + Dvsg

)
∆ f (s)

2HWTGωr0s + k
(11)

Furthermore, by substituting (11) into (9), the variation of output power for WTG can
be obtained:

∆PW(s) = −
(
Kvsg + Dvsg

)
∆ f (s)− Jvsg

d∆ f (s)
dt

+ k
Jvsg

d∆ f (s)
dt +

(
Kvsg + Dvsg

)
∆ f (s)

2HWTGωr0s + k
(12)
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3.2. The Modeling of the PFR Dead Zone

In a practical power system, the setting of the PFR dead zone of the WTG is very
important, which can avoid the frequent operation of the WTG when the frequency is
disturbed in a small range and reduce the equipment life.

In order to further directly analyze the influence of the PFR dead zone (d) on the
frequency response characteristic of the power system, the frequency response characteristic
curves under different dead zones are drawn as shown in Figure 4, according to the
simulation parameters in Table 1.
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Table 1. The parameters of simulation.

Parameter Value

Jvsg 0.98 pu
Kvsg 7.54 pu
KG 20 pu
DL 0 pu

Dvsg 4 pu
TG 5 s
H 2.77 s

∆PL 0.1 pu

According to Figure 4, the frequency response curves of four cases are given. When
there is no dead zone, the lowest frequency has the highest value, which is 49.66 Hz. When
the dead zone is 0.05 Hz, the value of the lowest frequency is the smallest, which is 49.64 Hz.
Compared with the response characteristic curves when considering the effect of the PFR
dead zone of the WTG, the frequency response characteristic of the power system is better
without the dead zone. In addition, the larger the dead zone of PFR is, the smaller the
minimum value of system frequency response is.

Therefore, if the influence of the PFR dead zone is not considered in the analysis
of frequency response characteristics for the power system, the frequency deviation will
be smaller than the actual value of the power grid. It will seriously affect the accurate
evaluation of the frequency regulation ability of WTG. In the meantime, the PFR ability
of the WTG cannot be fully utilized, which is not helpful to the coordinated and stable
operation of the power system. As a result, it is of great significance to quantitatively
analyze the influence of the PFR dead zone on the frequency response characteristics of the
power system and synthetically evaluate the frequency regulation capacity of the WTG.

When the WTG with the dead zone participates in the frequency regulation, if the
frequency deviation is less than or equal to the dead zone PFR, the WTG will not participate
in the PFR of the power system. On the contrary, if the frequency deviation is greater than
the dead zone of PFR, the additional active power-frequency control for the WTG will be
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put into operation. In this case, the expression of the PFR power with a dead zone is shown
in Equation (13): 

∆Pf = −Kvsg(∆ f − d) ∆ f > d
∆P = 0 −d ≤ ∆ f ≤ d

∆Pf = −Kvsg(∆ f + d) ∆ f < −d
(13)

The expression of the PFR power without the dead zone is shown in Equation (14):

∆Pf = −Kvsg∆ f (14)

When the frequency drop is greater than the dead zone due to the sudden increase in
load, after considering the quantization and modeling of the PFR dead zone, the control
block diagram of the system frequency response can be considered to add the expression,
which can be represented as Kvsgd. This constant expression can be added to the transfer
function block diagram as a disturbance quantity, and this disturbance quantity is in the
same position as the load disturbance quantity in the block diagram.

3.3. Establishment and Quantification of a Frequency Response Model

In order to derive the analytic expression of the frequency response during the whole
process, the frequency of the power system is assumed to be equal, which means that the
dynamics of frequency for any node as well as the generator are the same. The topology
diagram of the power system is shown in Figure 5, which includes a synchronous generator
(SG), a WTG, and a load.
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In the modeling, the classical frequency response model is modified by adding the
frequency regulation control of WTG. In this case, the frequency regulation control block
diagram of the system can be seen in Figure 6.
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Assuming that the system is in normal operation before time t0, which means that
the power of the SG, WTG, and load are in a balanced state. At t = t0, the load increases
∆PL, resulting in a decrease in the frequency of the power system. When the deviation in
frequency (∆f ) is detected, the SG and WTG will participate in the PFR. In this case, the
equivalent rotor motion equation of the system is shown in (14):

∆ f (s) =
1

2Hs + DL
[∆PSG(s) + ∆PW(s)− ∆PL(s)] (15)
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For the SG, ∆PSG is proportional to ∆f ; consequently, the PFR of the SG can be reduced
to a first-order inertia link. Therefore, the power equation for SG is as follows:

∆PSG(s) = −
KG

1 + TGs
∆ f (s) (16)

where TG is the turbine reheat time constant and KG represents the PFR coefficient of SG.
Hence, the frequency response model of WTG based on VSG control when partici-

pating in frequency regulation of the system is shown in Figure 7. As can be seen from
Figure 7, the control block diagram of the frequency response with the PFR dead zone can
be considered as adding the constant number of dead zone to the input load disturbance.
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Figure 7. The control block diagram of the frequency response of the system.

Based on the analysis of the transfer function block diagram in Figure 7, when the
frequency response is disturbed by a step power (∆PL), it is set that Dp = Dvsg + Kvsg, then
the expression of ∆f (s) is shown in Equation (16):

∆ f (s) =
∆PL−Kvsgd

s
(1+TGs)(2HWTGωr0s+k)

(1+TGs)(2HWTGωr0s+k)(2Hs+DL)+2HWTGωr0KGs+KGk+2HWTGωr0(Jvsgs+DP)(1+TGs)

=
(
∆PL − Kvsgd

) p0s2+p1s+p2
q0s4+q1s3+q2s2+q3s

(17)

Variables in (16) are expressed as follows:

p0 = 2HWTGωr0TG
p1 = TGk + 2HWTGωr0
p2 = k
q0= 4HWTGHωr0TG + 2JvsgTGHWTGωr0
q1 = 2JvsgHWTGωr0 + 2TGHWTGωr0DP + 2HTGk + 4HWTGHωr0 + 2TGHWTGωr0DL
q2= 2KGHWTGωr0 + 2HWTGωr0DP + 2Hk + TGkDL + 2HWTGωr0DL
q3 = KGk + DLk

Arrange Equation (16) as follows:

∆ f (s) =

(
∆PL − Kvsgd

)
p0

q0

s2 + p1
p0

s + p2
p0

s4 + q1
q0

s3 + q2
q0

s2 + q3
q0

s
(18)

Equation (17) can be decomposed into:

∆ f (s) =

(
∆PL − Kvsgd

)
p0

q0

(
m0

s
+

m1

s− λ
+

n0s + n1

s2 + 2ξωs + ω2

)
(19)
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By comparing Equation (17) with Equation (18) and making the numerator and de-
nominator coefficients equal, the following relation can be obtained:

m0 + m1 + n0 = 0
2(m0 + m1)ξω−m0λ + n1 − n0λ = 1
(m0 + m1)ω

2 − 2m0λξω− n1λ = p1
p0

−m0λω2 = p2
p0

2ξω− λ = q1
q0

ω2 − 2ξω = q2
q0

ω2λ = q3
q0

(20)

Variables in (19) are expressed as follows:

m0 = − q0 p2
q3 p0

m1 =

q2
0 p2

q3 p0
λ3−q0λ2+

(
q2
0 p2

q3 p0
− q0 p1

p0

)
λ+

q0q1 p2
q3 p0

2q0λ3+q1λ2+q3
+

q0 p2
q3 p0

n0 = q3
q0

q2
0 p2

q3 p0
λ3−q0λ2+

(
q2
0 p2

q3 p0
− q0 p1

p0

)
λ+

q0q1 p2
q3 p0

2q0λ3+q1λ2+q3

n1 = q3
q0

q2
0 p2

q3 p0
λ3−q0λ2+

(
q2
0 p2

q3 p0
− q0 p1

p0

)
λ+

q0q1 p2
q3 p0

2q0λ3+q1λ2+q3
+

q0 p2
q3 p0

(
q1
q0
+ λ

)
− 1

λ
p1
p0

ξ =
√

q3
λq0

ω = 1
2

(
q1
q0
+ λ

)√
q3

λq0

λ =
3

√
−Q

2 +

√(
Q
2

)2
+
(

M
3

)3
+

3

√
−Q

2 −
√(

Q
2

)2
+
(

M
3

)3
− q1

3q0

M = q2
q0
− q2

1
3q2

0

Q = − q3
q0
+

2q3
1

27q3
0
− q1q2

3q2
0

By taking the inverse Laplace transform of Equation (17), Equation (21) is obtained:

∆ f (t) =

(
∆PL − Kvsgd

)
p0

q0

(
m0 + m1eλt + C1eλ1t + C2eλ2t

)
(21)

where m0, m1, C1, C2, λ, λ1, and λ2 are the time-domain expression coefficients of the
frequency response for the system, respectively.

Maximum frequency deviation ∆f max and maximum frequency change rate can be
obtained from the above equation, as (22) shows: ∆ fmax =

(∆PL−Kvsgd)p0
q0

(
m0 + m1eλt1 + C1eλ1t1 + C2eλ2t1

)
d∆ f (t)

dt

∣∣∣t=t0 = lim
s→∞

s2∆ f (s) =
(
∆PL − Kvsgd

) p0
q0

(22)

where t1 is the time corresponding to the lowest point of the frequency. Equations (21)
and (22), respectively, represent the time-domain characteristics and key indicators of
the frequency variation in the power system after considering the PFR dead zone. This
analytical expression will lay a quantitative foundation for further optimization of the
frequency regulation parameter in the following paper.

4. Trajectory Sensitivity Analysis

In order to further select the frequency regulation coefficient of WTG that plays
a leading role in the frequency regulation process, the correlation degree between the
frequency regulation parameters and the frequency response of the power system is studied



Appl. Sci. 2023, 13, 5569 10 of 21

in this section. The trajectory sensitivity of parameters Jvsg, Dvsg, Kvsg, and d will be
calculated by using the differential form parameter perturbation method. Then, in the case
of a certain amount of disturbance, the intensity of the influence of each parameter on
the dynamic frequency process is analyzed. On this basis, the key frequency regulation
parameter will be obtained. As shown in Equation (23), trajectory sensitivity Se

xi
reflects

the change of the observed quantity e when the parameter xi changes; additionally, the
observed quantity e represents the frequency response of the power system:

Se
xi
=

e(x1, ··· , xi+∆xi, ··· , xm)−e(x1, ··· , xi, ··· , xm)
e(x1, ··· , xi, ··· , xm)

∆xi/xi
(23)

where ∆xi is the change of the parameter of number I; m represents the total number of
parameters to be analyzed.

The frequency regulation parameter corresponding to the larger trajectory sensitivity
has a strong dynamic trajectory influence on the frequency response. In other words, when
the value changes slightly, the dynamic trajectory of the frequency response will change
greatly. On the contrary, the dynamic trajectory of frequency response will not change
significantly if the frequency regulation parameter corresponding to the smaller trajectory
sensitivity changes slightly. By calculating the trajectory sensitivity of frequency regulation
parameters such as Jvsg, Dvsg, Kvsg, and d, the influence degree of each parameter on the
dynamic trajectory in the whole frequency response process can be obtained, as shown
in Figure 8.
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Figure 8. Trajectory sensitivity curve.

As can be seen from the trajectory sensitivity curve of frequency response in Figure 8,
the trajectory sensitivity of the virtual damping coefficient is the largest during the whole
frequency regulation response process. The result shows that the virtual damping coeffi-
cient has a strong dynamic trajectory effect on the frequency response and plays a key role
in the frequency regulation process.

Since the actual system is usually a discrete system, the collected observed vari-
ables are discrete, while Equation (23) is mainly used to calculate the trajectory sensi-
tivity of continuous observed variables. By discretizing Equation (23), the average sen-
sitivity calculation formula of discrete observed variables can be obtained, as shown
in Equation (24):

Sxi =
1
L

L

∑
n=1

e(n)−e0(n)
e0(n)

∆xi/xi
(24)

where L is the total length of data.
The different discrete sensitivities calculated by Equation (24) are shown in Table 2,

which can represent the sensitivities of different variables quantitatively. According to
Table 2, Dvsg has the largest discrete sensitivity, which is consistent with the analysis results
of the trajectory sensitivity curve.
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Table 2. Trajectory sensitivity.

Parameter Trajectory Sensitivity

Jvsg 2.77 × 10−5

Dvsg 7.59 × 10−4

Kvsg 4.71 × 10−4

d 1.41 × 10−4

Therefore, the virtual damping parameter that is most correlated with the frequency
response of the system is selected for design in order to improve the dynamic performance
of the frequency response more specifically.

5. Optimization of the Virtual Damping Parameter Based on the Physical Constraint
Boundary of Frequency Regulation

It can be seen from the above analysis that the virtual damping coefficient is selected
for parameter optimization design. Because the virtual damping coefficient directly affects
the PFR output of the WTG, the fixed virtual damping parameter is not helpful to the
frequency regulation effect, considering that the real-time available frequency regulation
capacity of the WTG is different under different wind speed conditions.

Therefore, in order to enable WTG to make full use of rotating kinetic energy in
response to the frequency change of the system, this section quantifies the frequency
regulation ability of WTG according to different operating conditions and the physical
constraint boundary conditions of frequency regulation and then deduces the range of
virtual damping coefficients. The frequency regulation physical constraints of the WTG
under different wind speed conditions are analyzed from the following two aspects: one is
the speed limit of the rotor, and the other is the capacity limit of the converter.

5.1. The Speed Limit of the Rotor

Firstly, the range of the virtual damping coefficient under the speed limit of the rotor
is considered, and the minimum speed should be greater than the minimum value (0.7 pu):

∆ωr ≤ ωr0 − 0.7 (25)

The upper limit of the virtual damping coefficient considering the speed limit of the
rotor can be obtained by combining (13) and (25), as shown in the following equation:

Dvsg.1 ≤
2HWTGωr0

dωr
dt + k∆ωr.max − Jvsg

d∆ f
dt − Kvsgd

∆ fmax
− Kvsg (26)

In (26), ∆ωr.max represents the maximum variation of the rotor speed, dωr/dt is the
rate of change of the rotor speed, ∆f max and d∆f /dt can be calculated through (22), and
other system parameters have known values. Since dωr/dt is changing constantly, in order
to satisfy the change process, the relation of Equation (26) is always established, dωr/dt
should be the minimum. As ωr changes from the initial value to the minimum allowable
value, if ωr is at the lowest point, dωr/dt is the minimum and the value is 0. Thus, the
minimum value of dωr/dt can be substituted into (26) to find the upper limit of the virtual
damping coefficient satisfying the rotor speed constraint.

In the frequency response process, the greater the virtual damping coefficient within
the range of frequency regulation physical constraints, the greater the rotor kinetic en-
ergy support strength, in addition to the best frequency response performance of the
system. Therefore, the upper limit of the virtual damping coefficient calculated according
to Equation (26) is the optimal value after considering the rotor speed constraint.



Appl. Sci. 2023, 13, 5569 12 of 21

5.2. The Capacity Limit of the Converter

In addition to considering the above constraint, the capacity limit of the converter
is also considered. The higher the wind speed, the closer the output active power of the
WTG is to the capacity limit. In order to ensure the safe operation of the WTG, the output
electromagnetic power should be less than the capacity limit of the converter during the
frequency regulation process. The upper limit of the virtual damping coefficient can be
obtained from the expression of the output electromagnetic power and the constraint of the
converter capacity limit, as shown below:

Dvsg.2 ≤

(
kωr0 − b− Jvsg

d∆ f
dt − Kvsgd− Pmax

)
∆ fmax

− Kvsg (27)

Similarly, the upper limit of the virtual damping coefficient obtained from Equation (27)
is the optimal value after considering the capacity limit of the converter.

In conclusion, the speed limit of the rotor and the power limit of the converter should
be considered in the evaluation of the frequency regulation ability of the WTG. The rotor
kinetic energy is large at high wind speeds, but it is easily affected by the capacity limit
of the converter during frequency regulation processes. When the wind speed is low,
the converter has a large capacity margin, but the low rotor speed makes it easy for it to
fall below the minimum allowable value, which may cause a secondary frequency drop.
Therefore, the optimal value for the virtual damping coefficient under different operating
conditions should satisfy both the rotor speed constraint and the capacity constraint of the
converter. The optimal value of the virtual damping parameter Dvsg.opt is the smaller value
in Equations (27) and (28):

Dvsg.opt= min
(

Dvsg.1 , Dvsg.2
)

(28)

6. Simulation Results
6.1. The Simulation System

The system simulation model, as shown in Figure 5, is built in MATLAB/SIMULINK.
The model consists of a synchronous generator and a wind power generation system.
Their capacities are 5 MW and 2 MW, respectively. The type of WTG is a permanent
magnet synchronous generator. The parameters of the wind power generation system and
synchronous generator are shown in Tables 3 and 4, respectively.

Table 3. The parameters of a wind power generation system.

Parameter Value

Rated power 2 MW
Rated voltage 690 V

Frequency 50 Hz
DC-link voltage 1200 V
Stator resistance 0.0126 pu

Stator d/q-axis inductance 1.326 pu

Table 4. The parameters of a synchronous generation.

Parameter Value

Rated power 5 MW
Rated voltage 10.5 kV

Frequency 50 Hz
d axis synchronous reactance 2.13 pu
q axis synchronous reactance 2.07 pu

Stator resistance 0.005 pu
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In order to analyze the effectiveness of the optimization design method proposed in
this paper under different wind speeds, three typical examples are selected for simulation
analysis. The wind speeds represented by low, medium, and high are selected as 9 m/s,
11 m/s, and 13 m/s, respectively, and the disturbance mode is set as a sudden increase of
load in the system at 5 s. The PFR dead zone is set to a typical value of 0.03 Hz.

The figure includes the frequency of the power system, the rotor speed of the WTG,
and the output power. The change in frequency in the power system can be intuitively
seen from the frequency response waveform. The value of the lowest frequency is very
important. If the lowest frequency is too small, it will have adverse effects on the frequency
stability of the power system, and the WTG may trip off the grid. As for the response
diagram of the rotor speed and active power output of the WTG, if the rotor speed of
the WTG is lower than the constraint value, the frequency of the power system will
be secondarily dropped. If the converter capacity is higher than the limit value, the
converter will be damaged. Therefore, the paper will give the figure that includes the
frequency of the power system, the rotor speed of the WTG, and the output power in the
simulation results.

6.2. Case Studies

Case 1: The wind speed is 9 m/s, and the system suddenly increases the load by
0.2 MW at 5 s. Virtual damping coefficients are set as 2 pu, 4 pu, and 5.53 pu, respectively,
where 5.53 pu is the result according to the design method in this paper. The simulation
results are shown in Figure 9.
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Figure 9. The simulation results of Case 1. (a) Frequency. (b) Rotor speed. (c) Output active power
of WTG.

According to Figure 9a, in the initial phase of the disturbance, the load on the power
system increases and the frequency decreases. When the virtual damping coefficients are
2 pu, 4 pu, and 5.53 pu, respectively, the lowest points of frequency are 49.792 Hz,
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49.808 Hz, and 49.822 Hz, respectively. When Dvsg is 2 pu, the frequency response reaches
its lowest point after 2.52 s. When the Dvsg is 4 pu, the time to reach the lowest point is
3.21 s. When the Dvsg is 5.53 pu, the system frequency response drops to the lowest point
after 3.92 s, indicating that the frequency change rate can be reduced during the frequency
decline period when the Dvsg is 5.53 pu, as well as that the recovery rate is more stable
during the frequency recovery process. The WTG based on VSG control has the ability to
regulate frequency; the rotor speed of the WTG decreases in the initial stage of frequency
response, and the kinetic energy of the rotor is released for frequency support. Further, the
active power output of the WTG is increased to compensate for the active power shortage
of the power system. Figure 9b shows that when the virtual damping coefficient is set to
5.53 pu, the minimum rotor speed is close to but not less than 0.7 pu, indicating that the
proposed strategy can make full use of the rotor kinetic energy of the WTG and improve
the frequency stability of the system.

Case 2: The wind speed is 11 m/s, and the load disturbance is 0.5 MW at 5 s. Virtual
damping coefficients are set as 4 pu, 6 pu, and 8.05 pu, respectively, where 8.05 pu is the
virtual damping coefficient optimized according to the method proposed in this paper. The
simulation results are shown in Figure 10.
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Figure 10. The simulation results of Case 2. (a) Frequency. (b) Rotor speed. (c) Output active power
of WTG.

In Figure 10a, in the initial phase of the disturbance, the unbalanced power of the
system causes the frequency of the system to decrease. When the virtual damping coeffi-
cients are set as 4 pu, 6 pu, and 8.05 pu, respectively, the lowest points of frequency are
49.468 Hz, 49.476 Hz, and 49.490 Hz, respectively. In the process of PFR, when the Dvsg is
4 pu, the frequency response reaches its lowest point after 3.01 s. When the Dvsg is 6 pu,
the time to reach the lowest point is 3.36 s. When the Dvsg is 8.05 pu, it drops to the lowest
point after 3.78 s, representing that the frequency change rate can be reduced when the
Dvsg is 8.05 pu. In the frequency recovery process, the change rate with Dvsg (8.05 pu) is
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more stable. The method proposed in this paper can improve the lowest frequency and the
frequency change rate of the system. The WTG based on VSG control compensates for the
unbalanced power of the kinetic energy of the rotor in the power system, which causes the
rotor speed to decrease. In Figure 10b, when the virtual damping coefficient is set to the
calculated value of the strategy proposed in this paper, the minimum rotor speed is 0.74 pu,
indicating that the wind turbine unit makes full use of the available frequency regulation
capacity to improve the frequency support performance of the WTG under the condition of
stable wind speed. After the inertial response ends, the rotor speed of the WTG recovers,
but due to the steady-state deviation of system frequency, the steady-state rotor speed of
the WTG is less than the initial rotor speed.

Case 3: The wind speed is 13 m/s, and the system suddenly increases the load by
0.5 MW at 5 s. The virtual damping coefficients Dvsg are 6 pu, 7.9 pu, and 9.87 pu,
respectively, of which 9.87 pu is the virtual damping coefficient designed according to the
strategy proposed in this paper. The simulation results are shown in Figure 11.
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Figure 11. The results of Case 3. (a) Frequency. (b) Rotor speed. (c) Output active power of WTG.

As can be seen from Figure 11a, the increased load causes the system frequency to drop
at 5 s. When the virtual damping coefficients are set as 6 pu, 7.9 pu, and 9.87 pu, respectively,
the lowest points of frequency are 49.730 Hz, 49.752 Hz, and 49.773 Hz, respectively. At
the same time, as the frequency drop rate is observed, it can be seen that the time to reach
the lowest point is almost the same. However, when the Dvsg is 9.87 pu, the lowest point
is higher than the other two values, which indicates that the frequency change rate can
be reduced during the frequency drop period and the frequency recovery process is more
moderate. Because the WTG is at a high wind speed, the rotor speed of the WTG does not
change much. The WTG with frequency regulation ability increases the active power output
and reduces the unbalanced power of the power system for frequency support. According
to Figure 11c, when the virtual damping coefficient is set to 9.87 pu, the maximum active
power output of the WTG is close to 1.2 pu, indicating that the proposed control strategy
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can make full use of the rotor kinetic energy of the WTG and satisfy the converter capacity
within its limit. As a result, the frequency support capability of the WTG is improved.

By analyzing the simulation results of Case 1, Case 2, and Case 3, it can be seen that
under different wind speed conditions, the optimization method of the virtual synchronous
control parameter proposed in this paper can effectively use the rotor kinetic energy of the
WTG for PFR. At the same time, the physical constraint boundary of the PFR is guaranteed,
and the frequency stability of the system is improved.

Further, under the three cases of low wind speed, medium wind speed, and high wind
speed, the proposed method is compared with the WTG without frequency regulation
capability and the WTG with comprehensive inertia control [27].

Case 4: The wind speed is 9 m/s, and the system suddenly increases the load by
0.2 MW at 5 s. The strategy proposed in this paper is compared and analyzed with the
WTG without frequency regulation control and the WTG with comprehensive inertia
control. The simulation results are shown in Figure 12.
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Figure 12. Comparison results for Case 4. (a) Frequency. (b) Rotor speed. (c) Output active power
of WTG.

As can be seen from the simulation results in Figure 12, compared with the com-
prehensive inertia control and the control without frequency regulation capability, the
proposed strategy reduces the frequency deviation of the power system and slows down
the frequency drop rate. It also improves the frequency stability of the system and fully
releases the frequency regulation ability of the WTG. Compared with comprehensive inertia
control, the proposed strategy in this paper increases the active power of the system at
the initial stage of the frequency drop, which fully releases the kinetic energy of the rotor
for WTG. By comparing different strategies, it can be seen that the frequency deviation of
the strategy proposed in this paper is the smallest, and the lowest frequency is 49.822 Hz.
Simulation results show that the proposed method can reduce the frequency deviation of
the power system by 19.1% compared with comprehensive inertia control. When the WTG
does not have the ability to adjust the frequency, the frequency deviation is the largest,
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and the lowest frequency is 49.715 Hz. The active power output of the WTG is decoupled
from the system frequency and cannot respond to the frequency fluctuations of the power
system, which results in the failure to excavate the frequency regulation potential of the
WTG. When the strategy proposed in this paper is adopted, the lowest point of the rotor
speed of the WTG is 0.711 pu, which fully releases the kinetic energy of the rotor and
effectively improves the frequency regulation ability of the WTG.

Case 5: The wind speed is 11 m/s, and the load disturbance is 0.5 MW at 5 s. The
strategy proposed in this paper is compared and analyzed with the WTG without frequency
regulation control and the WTG with comprehensive inertia control. The simulation results
are shown in Figure 13.
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Figure 13. Comparison results for Case 5. (a) Frequency. (b) Rotor speed. (c) Output active power
of WTG.

As can be seen from the simulation results in Figure 13, when the WTG does not
have frequency regulation capability, the lowest point of frequency is 49.325 Hz. When the
WTG adopts the comprehensive inertia control and the strategy proposed in this paper, the
lowest points of frequency are 49.440 Hz and 49.490 Hz, respectively. At the same time,
the strategy proposed in this paper can slow down the frequency drop rate. It can be seen
from the response of rotor speed that the lowest point of rotor speed is 0.741 pu when the
strategy proposed in this paper is adopted. When comprehensive inertia control is adopted,
the rotor speed of the WTG is 0.799 pu, which cannot fully release the kinetic energy of the
rotor. When the WTG has no frequency control ability, the rotor speed and active power
output do not change, and the kinetic energy of the rotor cannot be effectively utilized.
Therefore, the proposed strategy can fully release the frequency regulation ability of WTG
and effectively improve the frequency stability of the system.

Case 6: The wind speed is 13 m/s, and the system suddenly increases the load
by 0.5 MW at 5 s. The strategy proposed in this paper is compared and analyzed with
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comprehensive inertia control and without frequency regulation. The simulation results
are shown in Figure 14.
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Figure 14. Comparison results for Case 6. (a) Frequency. (b) Rotor speed. (c) Output active power
of WTG.

As can be seen from the simulation results in Figure 14, the strategy proposed in
this paper can effectively improve the lowest frequency of the system. When the WTG
has no frequency regulation ability, the lowest point of frequency is 49.638 Hz. When the
WTG adopts the comprehensive inertia control and the strategy proposed in this paper,
the lowest points of frequency are 49.711 Hz and 49.773 Hz, respectively. For the rotor
speed response of WTG, the rotor speed is maintained near the rated value under the high
wind speed scenario, so the rotor speed does not fluctuate greatly. However, in the case
of high wind speeds, the frequency regulation capacity of the WTG is easily affected by
the capacity limit of the converter. When the strategy proposed in this paper is adopted,
the active power output of a wind turbine is 1.192 pu. The influence of converter capacity
limits is considered, and the frequency regulation capability of WTG is fully released. In
general, the proposed strategy effectively improves the frequency regulation and control
performance of WTG.

7. Conclusions

The optimization of frequency regulation parameters of WTG based on VSG control is
investigated, which comprehensively considers the available frequency regulation capa-
bilities under different operating states. Moreover, this paper proposes an optimization
method for the VSG control parameter of WTG considering the PFR dead zone and the
frequency regulation physical constraint boundary, which could improve the frequency
stability of the system. The main conclusions are as follows:

• The frequency regulation capability of WTG can be evaluated more comprehensively
and accurately by quantifying the influence of the PFR dead zone on the system
frequency response. Additionally, the frequency response model of the WTG based
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on VSG control is established, and the time domain analytic expression of the whole
frequency response process is obtained;

• The trajectory sensitivity of each frequency regulation parameter is calculated, and
the intensity of influence for each parameter on the dynamic frequency process is
analyzed. As a result, the virtual damping parameter that plays a key role in the
frequency modulation process is determined;

• Considering the different operating conditions and the dynamic frequency response
process comprehensively, the optimization value of the virtual damping coefficient
is determined based on the constraints of rotor speed and converter capacity so that
WTG can make full use of available frequency regulation capacity and improve the
frequency support capability. Hence, the proposed scheme has a certain engineering
value for the optimization of the frequency regulation control parameter of WTG based
on VSG control.

There is still some research in this paper that needs further consideration and im-
provement. This paper discussed the frequency regulation control strategy of WTG, but
less consideration was given to the interaction characteristics of WTG and SG during the
frequency regulation process. Considering the difference in frequency regulation charac-
teristics between WTG and SG, the collaborative frequency regulation control strategy of
WTG and SG can be further studied.
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Nomenclature

MPPT maximum power point tracking
PFR primary frequency regulation
SG synchronous generator
VSG virtual synchronous generator
WTG wind turbine generator
Pref active power reference value (pu)
PW output active power (pu)
PWTGe electromagnetic power (pu)
PWTGm mechanical power (pu)
PMPPT output active power in MPPT mode (pu)
∆Pd correction amount of electromagnetic power (pu)
∆Pref deviation of active power reference value (pu)
∆Pf output active power of PFR (pu)
∆Pw deviation of output active power (pu)
∆PSG output power variation of SG (pu)
∆f deviation of frequency (Hz)
∆ωr deviation of rotor speed (pu)
ω0 rated angular frequency value (pu)
ωvsg output angular frequency value (pu)
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ωr rotor speed (pu)
ωr0 initial rotor speed (pu)
V wind speed (m/s)
β pitch angle (◦)
Kvsg the PFR coefficient
Jvsg virtual inertia
Dvsg virtual damping
Qref reactive power reference value (pu)
Q output reactive power (pu)
Uref given value of output voltage amplitude (pu)
E output voltage (pu)
Kq reactive power-voltage droop regulation coefficient
kω maximum power tracking coefficient
HWTG inertia time constant of the WTG (s)
H inertial time constant of the power system (s)
d PFR dead zone (Hz)
DL damping coefficient of system load
TG turbine reheat time constant (s)
KG PFR coefficient of SG (pu)
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