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Abstract
A new frequency coordinated control strategy based on the variable de-loading level for a D-PMSG wind turbine is proposed. 
First, the D-PMSG wind turbine model and control system model are established. Second, the de-loading control principle 
of the D-PMSG wind turbine is described, the variable de-loading level control strategy is analyzed according to different 
wind speeds and additional inertial control is introduced. Then the frequency coordinated control strategy combining vari-
able de-loading level control and additional inertial control is designed for different power reserve areas. Finally, a D-PMSG 
grid-connected simulation system is built to verify the rationality and accuracy of the frequency coordinated control strategy.

Keywords D-PMSG · Wind turbine · Frequency modulation · Variable de-loading level control · Coordinated control

1 Introduction

As a clean energy source with substantial development pros-
pects, wind energy has been globally recognized as the best 
solution for improving energy security and promoting low-
carbon economic growth [1, 2]. However, due to the uncer-
tainty of wind speed, wind power is random and intermittent, 
and large-scale grid-connected wind power will affect the 
power system frequency stability and increase the difficulty 
of frequency control [3, 4]. To enhance the ability of the 
grid to accept wind power, it is important to heighten the 
wind power frequency modulation and control capabilities.

Directly driven wind turbines with permanent magnet 
synchronous generators (D-PMSGs) without troublesome 
gearboxes have attracted considerable attention due to their 
high efficiency, high reliability, competitive cost and wide 
operating ranges [5–7]. In the maximum power point track-
ing (MPPT) control mode, the D-PMSG hardly contributes 
to the system inertia and shows weak support for the fre-
quency stability owing to the decoupling of the rotor speed 
and system frequency. Large-scale grid-connected wind 

power inevitably causes a lower system inertia and an insuf-
ficient frequency modulation ability [8–10]. Therefore, it is 
of great theoretical and practical significance to study the 
D-PMSG frequency control strategy for participation in the 
grid frequency modulation.

To improve the frequency modulation capability and strat-
egy for grid-connected wind power, scholars worldwide have 
performed many studies. Based on the system frequency var-
iation, the inertial response of synchronous generators can 
be simulated, and the wind turbine rotor speed or pitch angle 
can be adjusted to generate additional output power for sys-
tem frequency modulation. For the rapid frequency change 
caused by the load disturbance in the power system, inertial 
control can achieve a better frequency modulation effect. 
However, the settling time is short, and the grid frequency 
would drop again when the rotor speed recovers. In [11–14], 
a frequency response control link is added to the rotor side 
to adjust the active power and system frequency. In [15–17], 
an additional inertial control module is added to the wind 
turbine to simulate the inertial response of synchronous gen-
erators and to achieve fast active power regulation. However, 
due to the mutual influence between the inertia response and 
the MPPT control, it is not conducive for wind turbines to 
provide power support to the system. De-loading control is 
another method for frequency modulation that includes two 
types: over-speed control and pitch angle control. In [18, 
19], the doubly-fed wind turbine rotor speed is adjusted to 
exceed the optimal value to obtain the reserved power and 
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achieve de-loading operation. However, due to the restric-
tion of the rated rotor speed, over-speed control only applies 
to low and medium wind speed zones. In [20, 21], a pitch 
angle control method is introduced for de-loading in the 
high wind speed zone, and the pitch angle is adjusted in a 
timely manner to regulate the active power once the system 
frequency deviated. However, frequently changing the pitch 
angle will shorten the operating life of the wind turbine. 
Multiple power reserve control schemes are compared in 
[22, 23]. The power reserve control effect is optimal when 
over-speed-pitch cooperative control is applied in the low 
wind speed zone and pitch angle control is adopted in the 
high wind speed zone. In [24, 25], low, medium and high 
wind speed zones are determined based on the wind speed, a 
power reserve control strategy with a fixed de-loading level 
is adopted and different power reserve themes are employed 
for different zones to control the wind turbine output power. 
In [26], a power reserve control strategy that combines a 
fixed de-loading level and constant power is utilized to par-
ticipate in system frequency modulation, and improve the 
economic efficiency of grid-connected wind turbines. How-
ever, the de-loading control strategy with a fixed de-loading 
level may provide different reserved power levels in differ-
ent wind speed zones, which fails to provide the expected 
active power and exit the power reserve control under low 
wind speeds. Otherwise, the redundancy of the reserved 
power under high wind speeds will reduce the economy of 
operation.

Many studies have proposed combining these two meth-
ods. In [27–29], de-loading control and inertia control in dif-
ferent wind speed zones for doubly fed induction generators 
(DFIGs) are integrated to participate in system frequency 
modulation. Over-speed control and inertia control are com-
bined when the wind speed is less than the rated value. Oth-
erwise, pitch angle control and inertia control are combined 
to provide fast and stable active power. Different frequency 
control methods are adopted in [30] to participate in the pri-
mary frequency regulation in full wind conditions. An iner-
tial control strategy is employed when the wind speed is low; 
pitch angle control is utilized when the wind speed continues 
to increase; and an over-loading control strategy is adopted 
when the wind speed is high. In [31], the over-speed control 
and pitch angle control strategies are combined to participate 
in frequency modulation. However, the fast power support 
of inertial control is disregarded.

Although these studies improve the frequency modulation 
capability of a grid-connected wind power system to some 
extent, none of them adequately combined the inertial control 
strategy and de-loading control strategy in the full wind speed 
zones, and did not consider the defects of a fixed de-loading 
level. Therefore, a frequency coordinated control strategy 
that combines a variable de-loading level control and inertial 
control is proposed in this paper to take full advantage of the 

rapidity of inertial control and the continuity of de-loading 
control for frequency modulation, overcome the shortcomings 
of a fixed de-loading level and further improve the D-PMSG 
frequency modulation capability in the full wind speed zones.

The main contributions of this paper may be summarized 
as follows:

1. A D-PMSG grid-connected system is presented and a 
simplified D-PMSG model that considers power–fre-
quency characteristics is established.

2. The variable de-loading level under different wind 
speeds is defined and a variable de-loading level control 
strategy is proposed based on the principle of de-load-
ing control, and an additional inertial control strategy is 
introduced and discussed.

3. The low, medium and high wind speed zones are 
divided, different frequency coordinated control strate-
gies for different zones are designed and the principles 
are illustrated.

4. The rationality and accuracy of the proposed frequency 
coordinated control strategy compared with MPPT con-
trol, de-loading control and additional inertial control 
strategies for D-PMSG wind turbines are verified by 
simulation under sudden load changes.

The remainder of this paper is arranged as follows. The 
D-PMSG wind turbine model and control systems are intro-
duced in Sect. 2. The D-PMSG variable de-loading level 
control in full wind speed zones is presented in Sect. 3. The 
D-PMSG frequency coordinated control strategy is designed 
in Sect. 4. The effectiveness of the proposed frequency coordi-
nated control strategy is assessed by means of the MATLAB/
Simulink platform in Sect. 5. Some conclusions are presented 
in Sect. 6.

2  D‑PMSG Wind Turbine Model and Control 
System Model

A typical structure of the D-PMSG grid-connected system [32] 
is mainly comprised of a simplified model of the D-PMSG, 
converter, transformer, and equivalent synchronous generator 
set (ESGS), as shown in Fig. 1. The ESGS is a simulation of 
the grid.

According to the aerodynamic principle, the actual output 
mechanical power of the wind turbine can be stated as (1) [33].

(1)

⎧⎪⎪⎨⎪⎪⎩

Pw = CP(�, �)Pwind =
1

2
��R2v3CP(�, �)

CP(�, �) = (0.44 − 0.0167�)sin

�
�(� − 3)

15 − 0.3�

�
− 0.00184(� − 3)�

� = �rR∕v
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where � is the air density ( kg/m3 ), CP(�, �) is the power coef-
ficient with a theoretical optimal value of 0.593, � is the 
tip speed ratio, � is the blade pitch angle (°), R is the wind 
turbine blade radius (m) and �r is the wind turbine rotor 
speed ( rad/s).

Disregarding the flexible shaft and the mechanical loss 
between the wind turbine rotor and generator, an equivalent 
single mass model is adopted to simulate the transmission 
device [33, 34]:

where Hw is the inertia time constant of the equivalent single 
mass model, Tm is the wind turbine mechanical torque, and 
Te is the electromagnetic torque.

The frequency response characteristics of the power 
system are electro-mechanical transient processes that are 
mainly affected by the D-PMSG power–frequency character-
istics. Considering the active output characteristics [35, 36], 
the PMSG and converter are equivalent to an inertia link in 
this paper. The simplified mathematical model of the PMSG 
and converter can be stated as

where Pe is the output active power of the wind turbine, Popt 
is the reference signal of the PMSG active power, and TA is 
the equivalent time constant of the PMSG and converter.

(2)
d�r

dt
=

1

Hw

(Tm − Te)

(3)Pe =
1

1 + sTA
Popt

The operating range of the D-PMSG is generally divided 
into two areas based on different wind speed zones. When 
the wind speed is lower than the rated value, the pitch angle 
is zero, and the optimal tip speed ratio is maintained by 
adjusting the rotor speed to implement MPPT control. When 
the wind speed is higher than the rated value, the rotor speed 
and output power have reached the limit value, and pitch 
angle control should be introduced to maintain the invari-
able output power.

According to the MPPT control principle, the active 
power reference signal Popt can be determined by (4) [37].

where CPmax is the maximum power coefficient.
The blade pitch angle is adjusted via the pitch angle con-

trol section to regulate the active output power of the wind 
turbine.The pitch angle remains 0◦ when the wind speed is 
lower than the rated value; in contrast, the pitch angle is 
adjusted to maintain the rated output power.

The simplified model of the D-PMSG wind turbine is 
shown in Fig. 2, in which ①, ②, ③, ④, and ⑤ are the wind 
turbine model, transmission mechanism model, MPPT con-
trol system model, PMSG/converter model and pitch angle 
control system model, respectively.

3  Principle of Variable De‑loading Level 
Control for the D‑PMSG Wind Turbine

3.1  A. Principle of de‑loading control 
for the D‑PMSG wind turbine

Variable speed wind turbines usually operate in the MPPT 
control mode to maximize the wind energy utilization and 
cannot provide additional active power to participate in fre-
quency modulation, which reduces the stability of the power 
system operation. Therefore, the D-PMSG wind turbine 
needs to perform a de-loading operation to provide reserved 

(4)Popt = 0.5�πR2v3CPmax(�, �)

Fig. 1  Typical structure of D-PMSG grid-connected system

Fig. 2  Simplified model of 
D-PMSG wind turbine
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power and participate in frequency modulation when the 
system frequency changes.

At a certain wind speed with a d% de-loading level, the 
reserved active power for a D-PMSG wind turbine is stated 
as:

where ΔPG is the reserved power at the d% de-loading level, 
and Popt is the maximum power reference value. It can be 
seen that the D-PMSG wind turbine can operate in the de-
loading mode with a power coefficient that decreases by d% 
while maintaining the constant wind speed v and air density 
�.

As shown in Fig. 3, A is the optimal output power at 
v0 with the optimal rotor speed �r0 and initial pitch angle 
�0 . The power coefficient can be reduced by d% by means 
of increasing �r0 to �r1 or increasing �0 to �1.These are the 
over-speed control and pitch angle control that can realize 
the de-loading operation and provide reserved active power 
for the D-PMSG frequency modulation.

3.2  B. Principle of Variable De‑loading Level Control 
for the D‑PMSG Wind Turbine

Due to the differences in the meteorological conditions and 
aerodynamic uncertainties, the operating conditions of each 
wind turbine in a wind farm are different. When participat-
ing in frequency modulation, a fixed de-loading level for the 
D-PMSG wind turbine may generate insufficient reserved 
power and exit the frequency modulation under low wind 
speeds. Otherwise, the reserved power may be redundant, 
which will reduce the turbine operation economy when the 
wind speed is high.

The idea of variable de-loading level control is pro-
posed in this paper, and different de-loading levels are 

(5)
ΔPG = d% ⋅ Popt = d% ⋅ 0.5�πR2v3CPmax(�, �)

= 0.5�πR2v3 ⋅ d%CPmax(�, �)

adopted to implement power reserve control under differ-
ent wind speeds. The variable de-loading level is defined 
as

where ΔPG is the reserved power, which is determined by 
the system frequency deviation Δf  and static droop value ��.

Generally, the D-PMSG optimal output power differs 
at different wind speeds. According to Eq. (6), to obtain 
a fixed reserved power at different wind speeds, the de-
loading levels also differ when Δf  and �� are given. The 
relationship between the wind turbine output power and 
the rotor speed under variable de-loading level control is 
indicated in Fig. 4. Three different power reserve control 
areas are divided according to different wind speeds.

(1) Over-speed power reserve area. The wind speed is 
v ∈

[
vin, v1

]
 , and the D-PMSG reserved power is 

achieved by over-speed control. As shown in Fig. 4, 
A

′ is the over-speed operation point of A , where the 
reserved power is stated as

  where d%a is the de-loading level when v = vin.
(2) Over-speed-pitch power reserve area. When the wind 

speed is v ∈
[
v1, vn

]
 , the D-PMSG expected reserved 

power cannot be obtained due to the limitation of 
the maximum rotor speed and the output power can 
be reduced by adjusting the pitch angle. As shown in 
Fig. 4, E′ is the over-speed-pitch operation point of E , 
where the reserved power is stated as

(6)d%=
ΔPG

Popt

=
Δf

�� ⋅ Popt

(7)ΔPGa = d%a ⋅ PoptA

Fig. 3  Principle diagram of de-loading control
Fig. 4  Relationship between the wind turbine output power and the 
rotor speed
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  where d%e is the de-loading level when v = vn.
(3) Pitch angle power reserve area. When the wind speed 

is v ∈
[
vn, vout

]
 , the over-speed control cannot be imple-

mented, and the reserved power can only be achieved 
by adjusting the pitch angle. As shown in Fig. 4,D′ is 
the pitch angle operation point of D , where the reserved 
power is stated as

  where d%d is the de-loading level when v=vout.

It can be seen that the D-PMSG can obtain a definite 
reserved power that adopts a variable de-loading level con-
trol strategy for different wind speeds, which can ensure that 
the wind turbine effectively participates in frequency mod-
ulation when the wind speed is low, provides appropriate 
reserved power when the wind speed is high, and improves 
the D-PMSG operation economy.

3.3  C. Principle Of Additional Inertial Control 
For The D‑Pmsg Wind Turbine

The D-PMSG wind turbine is usually connected to the power 
grid via a full power converter. Due to the decoupling of the 
rotor speed and system frequency, the rotor speed cannot 
be adjusted to regulate the active power according to the 
system frequency deviation. The additional inertial control 
strategy introduces the proportional and derivative terms 
of the system frequency deviation to generate an additional 
active power that is proportional to the frequency deviation 
and differentiation for rapid active power adjustment when 
the system frequency fluctuates. The additional active power 
is stated as:

where ΔPf  is the additional active power, ΔPf1 is propor-
tional to the frequency deviation, which is the additional 
power of droop control;ΔPf2 is proportional to the frequency 
differentiation, which is the additional power of inertial con-
trol; and kp , kd are the droop control coefficient and the iner-
tial control coefficient, respectively.

The additional power of inertial control can quickly 
increase or decrease the electromagnetic power during the 
early stage of a frequency change and ensure fast frequency 
modulation. The additional power of droop control can be 
converted to an additional de-loading level at the corre-
sponding wind speed, and the wind turbine output power 
can be changed by adjusting the de-loading level. According 

(8)ΔPGe = d%e ⋅ PoptE

(9)ΔPGd = d%d ⋅ PoptD

(10)ΔPf = ΔPf1 + ΔPf2 = −kpΔf − kd
dΔf

dt

to Eq. (6), the additional de-loading level can be described 
as follows:

Therefore, the D-PMSG new de-loading level can be 
stated as:

Thus, the initial de-loading level can be replaced to 
adjust the D-PMSG output power and implement frequency 
modulation.

4  D‑PMSG Frequency Coordinated Control 
Strategy Based on Variable De‑loading 
Level Control

4.1  A. Division of the Wind Speed Zones

Three wind speed zones are divided for the D-PMSG wind 
turbine to accurately switch to the corresponding power 
reserve control area when the wind speed changes. As shown 
in Fig. 5, the solid red line indicates the MPPT curve; the 
solid blue line indicates the de-loading curve at the d% de-
loading level; and the dotted green line represents the pitch 
angle curve.

The low wind speed Zone 1 is vcut - in ∼ v1 , the medium 
wind speed Zone 2 is v1∼vn , and the high wind speed Zone 
3 is vn∼vcut − out , where vcut − in,vn and vcut − out are the cut-in 
wind speed, rated wind speed and cut-out wind speed of the 
D-PMSG, respectively. v1 is the wind speed limit to ensure a 
certain reserved power only by over-speed control.

The power coefficient CPv at the certain wind speed v can 
be obtained by Eq. (13):

where ΔPG is the reserved power. v1 can be acquired by

If v < v1 , then the required reserved power can be 
achieved only by over-speed control. If v1 < v < vn , then it 
is necessary to combine the pitch angle control for the de-
loading operation. If v > vn , then the D-PMSG rotor speed 
and output power have reached the rated value, and the pitch 
angle needs to be adjusted to implement de-loading.

(11)d% f=
ΔPf1

��
= −

kp

��
Δf

(12)d% ref=d% + d% f

(13)

⎧⎪⎨⎪⎩

CPv(�, �)=(1−ΔPG

�
Popt) ⋅ CPmax

CPv(�, �)=CPv(�n,0)

�n = �nR∕v

(14)v1 =
�n ⋅ R

�n
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4.2  B. Principle of the Frequency Coordinated 
Control Strategy in Different Power Reserve 
Areas

A frequency coordinated control strategy is proposed in this 
paper to improve the frequency modulation capability for the 
D-PMSG wind turbines. Variable de-loading level control is 
adopted to achieve reserved power. On the other hand, addi-
tional inertial control is introduced to provide rapid power 
support. Three frequency modulation areas are divided 
according to the power reserve characteristics in different 
wind speed zones.

(1) Frequency modulation principle in the over-speed 
power reserve area
The D-PMSG reserved power is achieved only by over-
speed control if v < v1 . The principle of the frequency 

coordinated control strategy is shown in Fig. 6. First, the 
system initial de-loading level d% is calculated accord-
ing to Δf  , �� and Popt based on Eq. (6). When the sys-
tem frequency changes, the additional power of inertial 
control ΔPf2 is added to the input reference power of the 
machine-side converter via the speed protection mod-
ule (SPM) to obtain fast inertial support. The SPM is 
employed to protect the rotor speed in a proper range. In 
addition, the additional power of droop control is con-
verted to an additional de-loading level d% f  based on 
Eq. (11), which is superimposed on the initial level to 
generate the new de-loading level d% ref  . If d% ref  > 0, 
then the initial level is substituted, and the output power 
is increased to implement frequency modulation. If 
d% ref ≤ 0 , then the wind turbine operates in the MPPT 
control mode and releases all the reserved power.
(2) Frequency modulation principle in the over-speed-
pitch power reserve area
The D-PMSG rotor speed has reached the rated value 
when v1 < v < vn , and pitch angle control is necessary 
for a power reserve. The corresponding frequency coor-
dinated control strategy principle is shown in Fig. 7.
The D-PMSG initial de-loading level d% at the wind 
speed v is determined. When the system frequency 
changes, inertial control is adopted to provide fast power 
support. On the other hand, the pitch angle is adjusted in 
response to the frequency deviation. As shown in Fig. 7, 
�0 is the initial pitch angle required for the de-loading 
operation which is defined based on Eq. (15

(15)

{
CPv(�,�) =CPv(�n,0) = (1−d% )CPmax

�n = �nR∕v

Fig. 5  Division of wind speed zones

Fig. 6  Structure diagram of frequency coordinated control in over-speed power reserve area
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Because of the serious nonlinearity in CP(�,�) , 
directly solving the initial pitch angle �0 is diffi-
cult. Therefore, the Simulink simulation method is 
used with the sampling interval Δv when v1 < v < vn.
Thus, the wind speed and initial pitch angle data pair {
v(i), �0(i)

}
, i = 1, 2,⋯ (vn − v1)∕Δv can be obtained. 

Based on the least squares method, �0 is stated as follows: 

As shown in Fig. 7, the D-PMSG pitch angle required for 
frequency modulation is described as:

where Δ� is the pitch angle increment, which is calcu-
lated by the following equation:

where k� is the adjustment coefficient of the pitch angle, 
−Δf1 < Δf < Δf1,and ±Δf1 represents the frequency devi-
ation limits.
(3) Frequency modulation principle in the pitch angle 
power reserve area
The D-PMSG rotor speed and output power have reached 
the rated value when v > vn , and it is necessary to intro-
duce pitch angle control to achieve reserved power dur-
ing wind speed changes. However, the continuation of 
inertial control will result in a rapid power increase and 
decrease the rotor speed and output power. Therefore, 
only de-loading control is required to participate in the 
frequency modulation in the pitch angle power reserve 
area. The principle of frequency modulation is shown in 
Fig. 8.
First, the D-PMSG initial de-loading level d% is deter-
mined by the rated power Pn and the required reserved 

(16)�0 = f (v) = �0 + �1v + �2v
2 +⋯ �nv

n

(17)� = �0+Δ�

(18)Δ� = k�Δf

power ΔPG . The additional de-loading level d% f  obtained 
by the droop control is superimposed on the initial de-
loading level to generate the new value d% ref  . Thus, the 
de-loading level can be changed to adjust the pitch angle.

5  Simulation Analysis

5.1  A. Brief Introduction of the Simulation System

A simulation system, as shown in Fig. 1, is built based on 
the MATLAB/Simulink platform. Figure 9 illustrates the 
structure diagram of the ESGS, which is composed of a 
speed control system, a turbine and a synchronous genera-
tor, where the speed control system consists of a governor 
and a servo mechanism [38]. Partial parameters have been 
marked, and the remaining values of the simulation system 
are summarized in the Appendixes.

Fig. 7  Structure diagram of 
frequency coordinated control 
in the over-speed-pitch power 
reserve area

Fig. 8  Structure diagram of frequency control in the pitch angle 
power reserve area
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5.2  B. Relationship Between The Wind Speed 
And The De‑Loading Level

In the proposed frequency coordinated control strategy 
with a variable de-loading level, different de-loading levels 
are utilized to guarantee a certain reserved power at dif-
ferent wind speeds. When the system installed capacity is 
relatively large, setting the system frequency deviation to 
Δf= ± 0.02 Hz and the optimal power to different wind 
speeds is definite for a determined type of D-PMSG. Based 
on the range of the static droop value for the thermal power 
turbine (2–5%), the value of the D-PMSG is set to �� = 4%. 
According to Eq. (5), the reserved power at different wind 
speeds is ΔPG = 0.1p.u. , and the corresponding de-load-
ing level can be determined by Eq. (6). For a GW82/1500 
D-PMSG wind turbine with the cut-in wind speed vin = 3 m/s 
and rated wind speed vn = 10.3 m/s, the de-loading level at 
different wind speeds is indicated in Fig. 10.

The D-PMSG de-loading level differs at different wind 
speeds. Furthermore, the de-loading level decreases with 
an increase in wind speed, especially the de-loading level is 
d% = 10% when the wind speed reaches 8.5 m/s.

5.3  C. Relationship Between the Wind Speed 
and Initial Pitch Angle in Medium Wind Speed 
Zone 2

The wind speed limit is v1 = 8.94 m/s based on the pre-
vious discussion. Taking the sampling interval as 
Δv=0.1 m/s when v ∈ [8.94,10.3] m/s, 14 data pairs of {
v(i), �0(i)

}
, i = 1, 2,⋯ 14 are obtained via the Simulink 

simulation, as shown in Table 1.
The fitted initial pitch angle �0 is expressed as follows:

It can be seen that the initial pitch angle and wind speed 
show a strong nonlinearity. However, the variation range of 
the initial pitch angle is relatively small.

(19)�0 = 0.0287v3 − 1.2046v2 + 15.506v − 60.68

6  D. Simulation Analysis Under a Sudden 
Load Change

Comprehensive MATLAB/Simulink simulations have been 
carried out to verify the superiorities of the proposed fre-
quency coordinated control strategy with variable de-loading 
levels in the three power reserve areas. Three representative 
wind speeds (8 m/s, 10 m/s and 12 m/s) were chosen to per-
form simulations and analysis under sudden load changes.

(1) Simulation analysis in the over-speed power reserve 
area.
The wind speed is set to 8 m/s and the de-loading level is 
11.9% under variable de-loading level control. In the first 
5 s, the active power of the load increases by 0.4 MW, 
and other relevant parameters are selected as TL = 0.1s,

kp = 0.3 and kd = 0.4 . Simulation tests are carried out by 
adopting four control strategies: (1) MPPT control; (2) 
additional inertial control; (3) variable de-loading level 
control; (4) frequency coordinated control. The simula-
tion results are shown in Fig. 11.
Figure 11(a) illustrates the comparisons of the system fre-
quency response after the load suddenly increases. Partial 
data are shown in Table 2.

Fig. 9  Structure diagram of the 
ESGS

Fig. 10  De-loading level at different wind speeds
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Note: AIC control: additional inertial control; VD-L con-
trol: variable de-loading level control; CO control: coor-
dinated control; fmin, tmin, f∞, t∞ are the system frequency 
minimum value, time to system frequency minimum 
value, system frequency steady-state value, and system 
frequency setting time,respectively.
Obviously, when the system frequency changes, the 
D-PMSG rotor speed, pitch angle and output power 
remain constant due to decoupling of the rotor speed and 
the system frequency in the MPPT control mode. In the 
additional inertial control mode, the system frequency 
change rate decreases, the minimum value increases from 
49.01 Hz to 49.37 Hz and the time to system frequency 
minimum value extends from 7.0 s to 10.7 s. However, 
the system frequency steady-state response is hardly 
improved. In the case of variable de-loading level control, 

the system frequency variation is significantly reduced 
due to the faster response of over-speed control, the sys-
tem frequency minimum value increases to 49.42 Hz 
and the steady-state value increases from 49.60 Hz to 
49.62 Hz. In the case of frequency coordinated control, 
the system frequency minimum value is further increased 
to 49.59 Hz, the time to the minimum value is prolonged 
to 12.6 s, and the frequency steady state value is raised 
to 49.63 Hz.
The coordinated control strategy in the over-speed power 
reserve area shows an obviously better frequency mod-
ulation effect than that with MPPT control, additional 
inertial control and variable de-loading level control.This 
strategy can not only provide effective inertial support, 
and reduce the frequency change rate at the initial stage of 

Table 1  Data pairs of �
0
andv

v∕(m/s) 9 9.1 9.2 9.3 9.4 9.5 9.6

�0∕
◦ 2.22 2.29 2.37 2.42 2.47 2.51 2.54

v∕(m/s) 9.7 9.8 9.9 10 10.1 10.2 10.3
�0∕

◦ 2.56 2.57 2.59 2.61 2.63 2.62 2.58

Fig. 11  Comparisons of the 
system variable responses when 
the wind speed is 8 m/s

(b) (a) 

(c) (d) 
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load disturbance, but also decrease the system frequency 
steady-state deviation.
(2) Simulation analysis in the over-speed-pitch power 
reserve area
The wind speed is set to 10 m/s and the de-loading level 
is 6% under variable de-loading level control. In the first 
5 s, the active power of the load increases by 0.4 MW, 
and other relevant parameters are selected as Δf1 = 0.2Hz

,kd = 0.4 , and k� = 12.5 . Simulation tests are carried out 
by applying four control strategies: (1) MPPT control; (2) 
additional inertial control; (3) variable de-loading level 
control; (4) frequency coordinated control. The simula-
tion results are indicated in Fig. 12.
Figure 12a shows comparisons of the system frequency 
response after the load suddenly increases, and partial 
data are shown in Table 3
The D-PMSG rotor speed, pitch angle and output power 
remain unchanged and show almost no response to the 
system frequency deviation in the MPPT control mode. In 
the case of additional inertial control, the D-PMSG rotor 
speed decreases and the output active power increases 
under a load disturbance, which delays the system fre-

quency change. Under the variable de-loading level con-
trol mode, the system frequency change rate decreases, 
and the minimum value raises from 49.01 Hz to 49.60 Hz 
with a falling amplitude of 59%. The time to system fre-
quency minimum value extends from 7.0 s to 10.8 s, 
and the steady-state value increases from 49.60 Hz to 
49.73 Hz. In the case of frequency coordinated control, 
the system frequency minimum value raises to 49.64 Hz, 
the time is prolonged to 12.6 s, the frequency steady-
state value increases to 49.75 Hz, and the deviation is 
reduced by 37.5% compared with MPPT control. It is 
distinct that the frequency coordinated control strategy 
in the over-speed-pitch power reserve area can not only 
reduce the frequency change rate at the initial stage of the 
load disturbance, but also decrease the system frequency 
steady-state deviation and display a significantly better 
frequency modulation effect.
Figure 12 (b–d) compares the dynamic responses of the 
rotor speed �r , pitch angle � and output active power Pe 
in four cases after the load suddenly increases. In the 
MPPT control and additional inertial control modes, 
the D-PMSG retains the same rotor speed and output 

Fig. 12  Comparisons of the 
system variable responses when 
the wind speed is 10 m/s

(b) (a) 

(c) (d) 



2573Journal of Electrical Engineering & Technology (2020) 15:2563–2576 

1 3

power, and the pitch angle remains at 0° and shows little 
improvement in the system frequency deviation. How-
ever, in the cases of variable de-loading level control 
and coordinated control, the D-PMSG operates in the 
de-loading mode with a higher initial rotor speed and 

pitch angle. As the load suddenly increases, the wind 
turbine rotor speed is gradually reduced to 1.7 rad/s, 
and the pitch angle decreases from 2.61°to 0°, which 
increases the active output power by 0.3  MW and 
delays the system frequency change. In addition, due 
to the role of additional inertial control, the D-PMSG 
rotor speed change rate is decreased, and the system 
frequency deviation is delayed further. Therefore, the 
system frequency transient response in the over-speed-
pitch power reserve area is improved effectively.
(3) Simulation analysis in the pitch angle power reserve 
area
The wind speed is set to 12 m/s and the de-loading 
level is 3.5% under variable de-loading level control. 
In the first 5 s, the active power of the load increases 
by 0.4 MW. Simulation tests are carried out under the 
following two control strategies: (1) MPPT control; (2) 
variable de-loading level control. The simulation results 
are indicated in Fig. 13.
Figure 13a shows the comparisons of the system fre-
quency response after the load suddenly increases, and 
partial data are shown in Table 4.

Fig. 13  Comparisons of the 
system variable responses when 
the wind speed is 12 m/s

(b)(a)

(c) (d)

Table 2  Comparisons of the system frequency response

Control mode f
min

∕Hz t
min

∕s f∞∕Hz t∞∕s

MPPT control 49.01 7.0 49.60 11.3
AIC control 49.37 10.7 49.57 22.5
VD-L control 49.42 9.3 49.62 11.1
CO control 49.59 12.6 49.63 13.8

Table 3  Comparisons of the system frequency response

Control mode f
min

∕Hz t
min

∕s f∞∕Hz t∞∕s

MPPT control 49.01 7.0 49.60 20.8
AIC control 49.23 10.7 49.60 22.5
VD-L control 49.60 10.8 49.73 12.9
CO control 49.64 12.6 49.75 11.5



2574 Journal of Electrical Engineering & Technology (2020) 15:2563–2576

1 3

Obviously, in the case of the variable de-loading level 
control mode, the system frequency minimum value raises 
to 49.26 Hz, the time to the system frequency minimum 
value extends by 0.1 s, the steady-state value increases to 
49.8 Hz and the system frequency setting time decreases to 
10.6 s. However, the system frequency transient response is 
difficult to improve because of the slower pitch angle con-
trol. Due to the high wind speed, the reserved active power 
for frequency modulation is relatively high, so the system 
frequency steady- state response is significantly improved 
and the frequency steady-state deviation is reduced by 50% 
compared with MPPT control.

Figure 13 (b–d) indicate the dynamic responses of the 
wind turbine rotor speed �r , pitch angle � and output active 
power Pe in two cases after the load suddenly increases. 
In the MPPT control mode, the D-PMSG operates at the 
optimal rotor speed and output power, which shows little 
improvement in the system frequency deviation. However, 
in the case of the variable de-loading level control mode, 
the D-PMSG rotor speed is almost retained at an optimal 
and constant value, and the initial value of the pitch angle is 
set as 2.94° to implement the de-loading operation. As the 
load suddenly increases, the pitch angle is gradually reduced 
to 0.98°, which makes the active output power increase by 
0.2 MW. Thus, the power increment required for frequency 
modulation is achieved, and the system frequency steady-
state deviation is reduced greatly.

7  Conclusions

A frequency coordinated control strategy based on the varia-
ble de-loading level for a D-PMSG wind turbine is proposed 
in this paper. The simplified model of the D-PMSG is estab-
lished. The principle of variable de-loading level control 
and additional inertial control strategies are analyzed. The 
frequency coordinated control strategy based on the vari-
able de-loading level is designed for different wind speed 
zones. Simulation results indicate that compared with tradi-
tional MPPT control, additional inertial control and variable 
de-loading level control, the frequency coordinated control 
strategy in different power reserve areas can not only pro-
vide effective inertial support for the system, but also reduce 
the frequency change rate at the initial stage of the load 
disturbance and the frequency steady-state deviation, which 
display a better frequency modulation capability.
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Appendix

See below Tables 5 and 6.

Table 4  Comparisons of the system frequency response

Control mode f
min

∕Hz t
min

∕s f∞∕Hz t∞∕s

MPPT control 49.01 7.0 49.60 11.3
VD-L control 49.26 7.1 49.80 10.6

Table 5  D-PMSG wind turbine parameters

Parameter Symbol Value

Radius of the rotor R 38 m
Air density � 1.225 kg/m3

Rated rotor speed �n 1.956 rad/s

Rated power Pn 2 MW
Cut in wind speed vcut − in 3 m/s
Rated wind speed vn 11.8 m/s
Cut out wind speed vcut − out 25 m/s
Optimal tip speed ratio �opt 6.3
Nominal power coefficient Cpmax 0.438
Moment inertia constant Jw 1.5 × 106 kg·m2

pitch servo time constant Tservo 0.2 s
Min./Max. pitch angle �min∕�max 0°/30°
Blade pitch angle rate d�∕dtmin∕

d�∕dtmax

− 10°/s
10°/s

PMSG-converter equivalent time 
constant

TA 0.2 s

Table 6  Speed governor, turbine and synchronous generator param-
eters

Parameter Symbol Value

PI controller gains kp∕ki 10/10
Difference coefficient R 0.025
Servo inertia time constant TG 0.2 s
Turbine inertia time constant TCH 0.3 s
Synchronous generator inertia time constant H 6 s
Synchronous generator damping coefficient D 0
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