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Abstract. The wind power system drivetrain is a multi-mass transmission system with
gear clearance, and its elasticity and gear clearance cause the drivetrain to vibrate. The
PID controller is used to suppress the vibration caused by the drive shaft elasticity, but
not the vibration caused by the gear clearance. The internal model control (IMC) can
suppress the clearance vibration, but it is only suitable for the drivetrain with fewer mass
blocks. This paper aims at the vibration problem of four-mass (multi-mass) drivetrain of
wind power system with gear clearance, and according to the decomposition principle of
the nonlinear clearance unit, a control strategy based on disturbance observer to suppress
the clearance vibration is proposed. Firstly, a four-mass drivetrain model of the wind
power system with clearance is established, the cause of drivetrain clearance vibration is
analyzed, and a simple method for measuring clearance vibration is proposed. Secondly,
the clearance nonlinear unit is decomposed into a linear unit and a bounded disturbance
unit, and a disturbance observer is used to suppress the bounded disturbance. Finally,
the effect of the proposed vibration suppression scheme is verified by simulation exper-
iments. The results show that the steady-state vibration amplitude of the drivetrain is
only 0.8% after the disturbance observer suppression method is adopted, which verifies
the effectiveness of the suppression scheme proposed in this paper.
Keywords: Wind power generation system, Four-mass drivetrain, Mechanical vibration
suppression, Disturbance observer, Gear clearance

1. Introduction. The drivetrain of doubly-fed wind power system is composed of wind
turbine, gearbox, generator, and transmission shaft, etc. The vibration caused by the
elasticity of transmission shaft and gear clearance mainly exists in the drivetrain. In
previous research, linear control methods such as notch filter and PID controller are
usually used to suppress elastic vibration [1-7]. However, the linear control method cannot
suppress the nonlinear vibration of the drivetrain caused by the gear clearance.

At present, the classical control theory is used to solve the problem of nonlinear clear-
ance vibration control, such as description function, phase plane method, and limit cycle.
These methods need to draw graphs and involve nonlinear function analysis, which is diffi-
cult to work. Therefore, it is necessary to explore other methods to suppress the nonlinear
vibration of gear clearance.

DOI: 10.24507/ijicic.20.03.839

839



840 C. ZHOU, Y. SHEN AND Y. ZHOU

According to different research purposes, the drivetrain of wind power system can be
divided into different mass blocks. The more the number of mass blocks, the more it
can reflect the real performance of the drivetrain. However, the more the number of mass
blocks, the more complex the structure of the drivetrain, and the difficulty of mathematical
model analysis and vibration suppression will increase.
In 2000, [8] proposed the theory that the nonlinear clearance property N can be ex-

pressed by the combination of a linear element H and a nonlinear bounded perturbation
element d. According to this theory, in the previous work, the authors proposed the
method of using internal model control to suppress the nonlinear vibration of the clear-
ance [9,10]. When the internal model control method is used to suppress the vibration of
the drivetrain, the transfer function diagram of the drivetrain needs to be transformed.
This method is suitable for the system with fewer mass blocks. For systems with large
number of mass blocks, the authors present a method to suppress the clearance vibration
of drivetrain by using disturbance observer. This method does not need to change the
structure diagram of the drivetrain, and is suitable for vibration suppression control in
the four-mass drivetrain of wind power system.
The idea of disturbance observer uses a disturbance observer to observe the d of the

system, and feeds back to the input to offset the disturbance factors in the system. Its
working principle is very suitable for suppressing the above clearance nonlinear vibration
disturbance d.
Since its establishment, the disturbance observer theory has been widely used in the

practice of motor servo control [11-13]. [14] combined the proportional-differential con-
troller (PD) with the disturbance observer (DOB) to propose a composite control algo-
rithm to solve the vibration problem caused by mass block imbalance in magnetic bearing
rotor system. In [15], a double-loop control strategy of inner loop robust control and out-
er loop disturbance observer was adopted to suppress the speed fluctuation on the load
side in view of the vibration phenomenon generated by the actuator of industrial robots.
[16] proposed an improved disturbance observer control strategy for the maximum power
tracking control mode of wind power system operation. In addition, the active vibration
control and disturbance observer design of floating ocean thermal energy conversion sys-
tems were researched in [17]. In [18], a vibration suppression method based on disturbance
observer was proposed to solve the mechanical vibration problem of two-mass drivetrain
of servo system. In [19], a PMSM vector control scheme based on torque disturbance
observer was proposed, and the torque disturbance observer was designed to estimate the
PMSM disturbance torque, which improves the motor control performance.
In summary, the disturbance observer method has made great progress since its birth.

When applying disturbance observer method to research vibration, because it does not
need to simplify the transfer function of the controlled object, it has advantages in the
system with a large number of mass blocks (four masses). However, there is little literature
on the application of disturbance observer with vibration suppression of multi-mass blocks
in wind power system.
The organizational structure of this paper and contribution points are as follows.
1) In this section, referring to the introduction structure of [20], the research status

and shortcomings of vibration suppression in the drivetrain of wind power system are
introduced, and a scheme of vibration suppression with disturbance observer in the multi-
mass block number drivetrain is proposed.
2) The second section describes the composition of the drivetrain of the wind power

system, and establishes the model of the four-mass drivetrain including the gear clearance.
3) The third section analyzes the reasons of gear clearance causing drivetrain vibration,

and puts forward a simple method to verify gear clearance vibration.
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4) In the fourth section, the nonlinear clearance is decomposed into a linear link and
a bounded perturbation link, and a disturbance observer method is proposed to suppress
vibration in a four-mass drivetrain with clearance.

5) In the fifth section, simulation experiments verify the effectiveness of the scheme
proposed for suppressing clearance vibration in this paper.

6) Finally, in the sixth section, a brief summary of the research results is given.

2. The Structure and Modeling of Four-Mass Drivetrain of Wind Power Sys-
tem.

2.1. The composition of drivetrain of wind power system. The drivetrain of the
wind power system is shown in Figure 1. On the far left of the figure is a wind turbine,
a planetary gear train in the gearbox by a low-speed shaft connected to it; The second
stage parallel gear train of the gearbox is connected to the generator on the right side by
a high-speed shaft. The gearbox is composed of three parts: planetary gear train, first
stage parallel gear train and second stage parallel gear train.

Figure 1. The drivetrain of wind power system with gearbox

In Figure 1, the gearbox is divided into three components: the planetary gear train,
the first stage parallel gear train, and the second stage parallel gear train. A low-speed
shaft connects the gearbox’s planetary gear train to the wind turbine, while a high-speed
shaft connects the gearbox’s second parallel gear train to the generator on the right. The
gearbox’s three gears are equivalent to a pair of gears. In Figure 1, the equivalent gear’s
driving gear comprises the planetary frame and planetary gear train. In contrast, the
driven gear comprises the sun wheel, the first-level parallel gear train, and the second-
level parallel gear train. The gear clearance is the equivalent sum of the three gear train.
Figure 2 illustrates the equivalent gear’s motion relation schematically. The driving gear
JC1 drives the driven gear JC2 through a clearance delay of 2b. The four-mass drivetrain
of wind power system with gear clearance comprises four-mass blocks of the wind turbine,
wind turbine side gear JC1, generator side gear JC2 and generator, and connecting shaft
and gear clearance.

2.2. The structure and modeling of four-mass drivetrain of wind power system
without gear clearance.

1) The structure of the four-mass drivetrain without gear clearance
The four-mass drivetrain of the wind power system without clearance can be represented

by the model shown in Figure 3.



842 C. ZHOU, Y. SHEN AND Y. ZHOU

Figure 2. The schematic diagram of gear structure and motion relation

Figure 3. The schematic diagram of four-mass drivetrain

In Figure 3, TW, TC1, Tg, TC2 and TF denote the driving torque of the wind turbine,
gearbox driving gear torque, gear transmission torque, driven gear torque, and the resis-
tance torque of the generator, respectively. ωW, ωC1, ωC2, and ωF represent the speed
of wind turbine rotation, driving gear, driven gear, and generator, respectively; JW, JC1,
JC2, and JF denote the rotational inertia of the wind turbine mass block, driving gear,
driven gear, and generator mass block, respectively. K1 is the low-speed shaft elasticity
coefficient of the gearbox connected to the wind turbine. Kg is the gear transmission elas-
ticity coefficient, K2 is the high-speed shaft elasticity coefficient of the gearbox connected
to the generator.
2) Modeling of four-mass drivetrain
In Figure 3, wind turbine, driving gear C1, driven gear C2 and generator are taken

as research objects. Because the drivetrain’s vibration is discussed in this paper, the
gear ratio is assumed to be one for simplicity when deriving the transfer function of the
four-mass drivetrain.
When modeling the drivetrain, the gear clearance link is not considered. According to

Figure 3, it can be obtained as follows.
The motion equation of wind turbine is

TW − TC1 = JW
dωW

dt
(1)

The torque equation of low speed elastic shaft is

TC1 = K1

∫
(ωW − ωC1)dt (2)

The motion equation of the mass block of the driving gear is

TC1 − Tg = JC1
dωC1

dt
(3)

The torque equation of gear transmission is

Tg = Kg

∫
(ωC1 − ωC2)dt (4)
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The motion equation of the mass block of the driven gear is

Tg − TC2 = JC2
dωC2

dt
(5)

The torque equation of high speed elastic shaft is

TC2 = K2

∫
(ωC2 − ωF)dt (6)

The motion equation of the generator is

TC2 − TF = JF
dωF

dt
(7)

Setting TF = 0, the Laplace transform of Equations (1) to (7) is obtained

JWωW · s = TW − TC1 (8)

TC1 =
K1

s
(ωW − ωC1) (9)

JC1ωC1 · s = TC1 − Tg (10)

Tg =
Kg

s
(ωC1 − ωC2) (11)

JC2ωC2 · s = Tg − TC2 (12)

TC2 =
K2

s
(ωC2 − ωF) (13)

JFωF · s = TC2 (14)

According to Equations (8)-(14), the transfer function structure diagram of the four-
mass block drivetrain without clearance can be obtained, as shown in Figure 4.

Figure 4. The transfer function structure diagram of four-mass drivetrain
without clearance

2.3. Modeling of four-mass drivetrain of wind power system with gear clear-
ance.

1) Nonlinear characteristic of gear clearance
The nonlinear characteristic of gear clearance is shown in Figure 5.

Figure 5. The nonlinear characteristic with gear clearance
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The input-output relationship of gear clearance can be obtained from Figure 5 as follows

q =


k(v − b);

dq

dt
> 0

k(v + b);
dq

dt
< 0

qmsgn(v);
dq

dt
= 0

(15)

In Equation (15), the input is the position v of the driving gear, the output is the posi-
tion q of the driven gear, 2b is the total clearance in the drivetrain, and the characteristic
slope is k.
2) Modeling of drivetrain of wind power system with gear clearance
In this paper, a nonlinear clearance module N is proposed to represent the equivalent

total clearance of three gear trains in the gearbox, and then the nonlinear clearance
module N is added to the transfer function structure diagram shown in Figure 4, thus
obtaining the transfer function structure diagram of the drivetrain with gear clearance,
as shown in Figure 6.

Figure 6. The transfer function structure diagram of four-mass drivetrain
with clearance

3. Vibration Analysis of Drivetrain of Wind Power System with Gear Clear-
ance. Gear clearance has two primary effects on the control system.
1) Decrease the output signal amplitude and introduce phase lag. As shown in Figure

7, the output signal is limited by the effect of qm on gear clearance characteristic. As a

Figure 7. The influence on output signals with clearance
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result of gear clearance 2b, the output signal lags behind the input signal in phase by an
angle of φ. Thus, the stability and dynamic performance of the system are affected, and
the system’s instability is increased.

2) When there is nonlinearity in the gear clearance, the four-mass drivetrain transitions
from the linear system depicted in Figure 4 to the nonlinear system.

The gear clearance vibration can be verified by the following simple method: The
transfer functions of the four-mass drivetrain depicted in Figure 6 were used to create
a wind turbine speed closed-loop control system. The system’s output with clearance is
subtracted from the system’s output without clearance to obtain the difference between
the two outputs, which represents the nonlinear unit’s influence result with clearance.
The verification scheme is shown in Figure 8, the output waveform is shown in Figure 9,
and the drivetrain parameters are shown in Table 1, in Section 5.1.

Figure 8. The experimental scheme of nonlinear vibration of clearance

Figure 9. The generator speed deviation vibration waveform caused by clearance

As illustrated in Figure 9, the nonlinearity of the gear clearance results in system output
vibration.

4. Gear Clearance Vibration Suppression Strategy Based on Disturbance Ob-
server.

4.1. Equivalence of nonlinear characteristic of gear clearance. In Figure 10, the
role of nonlinear gear clearance N in the system can be represented by the equivalent
unit in the dotted box, where N is decomposed into two parts, N = H + d [8]. H(s) is a
linear time-invariant system, and d(s) is a nonlinear time-varying system, representing a
bounded disturbance. When the nonlinearity of gear clearance is expressed as the bounded
disturbance d(s), the disturbance observer can be used to estimate the nonlinear factor
d(s) of gear clearance and feedback to the input end to offset the nonlinear influence in
the system, resulting in N exhibiting linear performance.
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Figure 10. The nonlinear model of gear clearance

Figure 11. The equivalence of clearance characteristic

The clearance characteristics N of the drivetrain of the wind power system are shown
in Figure 11.
Obviously, for all v, the graph of N lies between or on two parallel lines G+(v) = kv+ b

and G−(v) = kv − b. Thus, N can be decomposed into N = H + d, where the transfer
function of the linear part is H(s) = k, that is, the straight line passing through the origin
of coordinates in the figure. d(s) is a nonlinear disturbance function bounded by b, in this
case, 2b = 0.2. For the sake of convenience of transformation, the slope k of the clearance
characteristic is set to one. Then, the nonlinear unit N can be represented by H(s) = 1
and the nonlinear bounded disturbance function d(s) in the dotted box in Figure 10.

4.2. Principle of suppressing gear clearance vibration by disturbance observer.
This paper presents a method to suppress the nonlinear vibration of gear clearance with
disturbance observer. This method is also based on the principle that the nonlinear N of
gear clearance can be represented by a combination of a linear time-invariant system H(s)
and a nonlinear time-varying system d(s). When the nonlinear factor associated with gear
clearance is expressed as a nonlinear bounded disturbance d(s), the disturbance observer
method can be used to suppress the vibration caused by gear clearance in the multi-mass
drivetrain.
Figure 12 illustrates the fundamental disturbance observer principle in block diagram

form. It equates the deviation between the actual and model outputs caused by the
external disturbance d(s) and the model parameter change as the system’s input; the
equivalent disturbance is observed. Then, by introducing equal compensation at the input,
the disturbance is completely suppressed.
The use of disturbance observer to suppress the clearance vibration of wind power

system drivetrain does not need to transform the structure diagram of the controlled
object, as long as the original structure of the controlled object is preserved. This is very
important for vibration suppression control of multi-mass drivetrain.
In Figure 12, G2(s) denotes the transfer function of the controlled object and G−1

2 (s) is

the inverse of the controlled object, d(s) is the external disturbance, d̂(s) is the observation
value of equivalent disturbance, and U(s) is the control input. The observed value of
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Figure 12. The basic disturbance observer schematic diagram

equivalent disturbance d̂(s) can be obtained from Figure 12.

d̂(s) = [∆− d(s)]G2(s)G
−1
2 (s)−∆ = −d(s) (16)

Equation (16) demonstrates that the accurate estimation of disturbance can be realized
through disturbance observation value. The disturbance observer in Figure 12 still has
problems in practical application. The solution is to insert a low-pass filter Q(s) behind

d̂(s) and replace G−1
2 (s) with the inverse D2(s) of the ideal model. The block diagram

depicted in Figure 13 is obtained.

Figure 13. The transfer function structure diagram of the disturbance observer

The low-frequency disturbance can be effectively compensated for using the low pass
filter Q(s), and the high-frequency noise can be effectively filtered using the high pass
filter Q(s). The feedback control system depicted in Figure 14 is based on a disturbance
observer and can be used to suppress nonlinear gear clearance.

Figure 14. The feedback control system with disturbance observer

In order to make the disturbance observer physically realizable and reduce the impact
of high frequency measurement noise, Q(s) filters are usually connected in series at the
output end of the disturbance observer, and the relative order of the filter is required to
be equal to or higher than that of the actual model.

4.3. Gear clearance vibration suppression system based on disturbance ob-
server. According to the analysis of the above disturbance observer principle, when the
nonlinear factor of gear clearance in the drivetrain of wind power system is expressed as
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nonlinear bounded disturbance d(s), the disturbance observer method can be used to sup-
press the vibration caused by gear clearance. Figure 14 shows the feedback control system
based on disturbance observer, which can be used to suppress the nonlinear influence of
gear clearance in the drivetrain of wind power system.
The transfer function of each unit in Figure 14 is as follows.
1) C(s) is the PID controller used by the system to suppress elastic vibration, and the

parameters are shown in Section 5.1.
2) G2(s) is the integral unit of rotational inertia of the wind turbine:

G2(s) =
1

JWs

3) G1(s) corresponds to the linear time-invariant system H(s) in the nonlinear unit N .
In this case, H(s) = 1.
4) D1(s) and D2(s) are nominal models corresponding to G1(s) and G2(s), respective-

ly. d(s) represents the nonlinear factor (bounded disturbance) of gear clearance, which
is moved to G2(s) before by structural diagram transformation. When the disturbance
observation value accurately reflects the disturbance, the following occurs:

D1(s) = H(s) = 1; D2(s) = 1/G2(s) = JWs

The following analysis can be performed using the structural relationship depicted in
Figure 14.
1) The disturbance observation value accurately reflects the disturbance condition
In Figure 14, without considering the high-frequency noise ξ(s), the observed distur-

bance value is

d̂(s) = [D2(s) ·G1(s) ·G2(s)−D1(s)]X1(s) +D2(s) ·G2(s) · d(s) (17)

The conditions that make this equation d̂(s) = d(s) are true:{
D2(s) ·G1(s) ·G2(s) = D1(s)
D2(s) ·G2(s) = 1

that is,

{
D1(s) = G1(s)
D2(s) = 1/G2(s)

(18)

2) The condition that the disturbance does not affect the system output
The output Y (s) of Figure 14 is

Y (s) =
G1(s) ·G2(s) · C(s) ·R(s) +G2(s) · d(s)[1−Q(s) ·G1(s)]

1 +G1(s) ·G2(s) · C(s)
(19)

When d̂ and d are fully compensated, that is, when the influence of d is not included
in the output Y , the following conditions must be satisfied:

1−Q(s) ·G1(s) = 0, that is, Q(s) = 1/G1(s) (20)

3) Design of filter Q(s)
The three factors that need to be considered in designing a low-pass filter Q(s), are the

time constant, the order of the numerator and the order of the denominator. The form
of a first-order low-pass filter commonly used is

Q(s) =
λ1

s+ λ2

=
λ1/λ2

Ts+ 1
(21)

where T = 1/λ2, λ1 and λ2 are constants.
When the three parameters of the disturbance observer are selected, their relation to

each other is
a) The smaller the time constant of Q(s), the higher the corresponding transition

frequency, and the wider the frequency band. Generally, the time constant of Q(s) is
much smaller than the time constant of the system.
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b) The smaller the time constant of Q(s), the more sensitive the system is to high-
frequency noise. The greater the difference between the numerator and denominator order,
the stronger the ability to restrain high-frequency noise.

4) The influence of low-pass filter Q(s) on the disturbance observer performance
In the disturbance observer, Q(s) has a significant effect on the disturbance observer’s

performance. In Figure 14, the transfer functions of output Y (s) to input U(s), distur-
bance d(s), and high-frequency noise ξ(s) are shown in Equations (22), (23), and (24),
respectively. Assuming the other two inputs are zero, the transfer function of output to
input is as follows:

WY/U(s) =
G1(s) ·G2(s)

1 +Q(s) ·G1(s) ·G2(s)D2(s)−Q(s) ·D1(s)
(22)

WY/d(s) =
G2(s)[1−Q(s) ·D1(s)]

1 +Q(s) ·G1(s) ·G2(s)D2(s)−Q(s)D1(s)
(23)

WY/ξ(s) =
−Q(s) ·G1(s) ·G2(s) ·D2(s)

1 +Q(s) ·G1(s) ·G2(s) ·D2(s)−Q(s) ·D1(s)
(24)

The design principle of Q(s) is as follows: in the low-frequency band, Q(s) = 1; in the
high-frequency band, Q(s) = 0.

1) In the low-frequency band, Q(s) = 1
According to Equation (22):

WUY (s) = G1(s)G2(s) (25)

a) Equation (25) demonstrates that a disturbance observer can effectively compensate
for low-frequency interference in the low-frequency band, ensuring that the actual object’s
response is consistent with the nominal model’s, thereby ensuring good robustness.

According to Equation (23) and Equation (20),

WdY (s) = 0 (26)

b) According to Equation (26), the disturbance observer is capable of completely sup-
pressing low-frequency interference in the Q(s) frequency band.

According to Equation (24) and Equation (20),

WξY (s) = −1 (27)

c) Equation (27) demonstrates how low-frequency measurement noise significantly aff-
ects the disturbance observer. As a result, low-frequency noise in state measurement must
be reduced in practice.

2) In the high-frequency band, Q(s) = 0.
According to Equation (22):

WY/U(s) = G1(s)G2(s) (28)

According to Equations (21) and (23),

WY/d(s) = G2(s) (29)

According to Equations (22) and (24),

WY/ξ(s) = 0 (30)

In high-frequency band, WY/ξ(s) = 0. As can be seen, the disturbance observer is
insensitive to measurement noise and is capable of filtering out high-frequency noise eff-
ectively. Nonetheless, it has no inhibitory effect on object parameter perturbation or
external disturbances.
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Therefore, a low-pass filter Q(s) is required to effectively compensate for low-frequency
interference and effective high-frequency noise filtering. This system employs the simplest
first-order low pass filter possible, and the filter form is shown as Equation (21).
From the above analysis, we can see
Whether in the low frequency or in the high band, the low-pass filter Q(s) can realize

the effective tracking of the output to the input, as shown in Equation (25) and Equation
(28).
The low pass filter Q(s) can be used to effectively compensate the low frequency dis-

turbance. As shown in Equation (26).
The low-pass filter Q(s) can effectively filter out high-frequency noise, as shown in

Equation (30).

5. Simulation Experiment and Result Analysis.

5.1. The vibration suppression experiments based on PID controller without
clearance.
1) Simulation experiment scheme
The experimental scheme is shown in Figure 15(a). The PID controller with soft start

function is in the dotted box. The parameters of the drivetrain [21] in the figure are
shown in Table 1; After PSO optimization, the PID controller parameters are Kp = 3.14,
Ki = 0.8, Kd = 0.31.

Table 1. The simulation experiment parameters

Number Parameter Value

1 JW (kg.m2) 2.44

2 JC1 (kg.m2) 0.16

3 JC2 (kg.m2) 0.272

4 JF (kg.m2) 0.505

5 K1 (N.m/rad) 3.51

6 Kg (N.m/rad) 0.9

7 K2 (N.m/rad) 0.516

8 2b (rad) 0.2

2) Simulation experiment results and analysis
In Figure 15(b), ωW is the wind turbine speed waveform, and ω∗

W is the wind turbine
speed input reference waveform; In Figure 15(c), ωF is the generator speed waveform, and
ω∗
F is the generator speed input reference waveform.
The experimental results show that when the drivetrain does not contain the clearance,

the soft start PID controller can eliminate the vibration after parameter optimization by
PSO algorithm. Because the generator adopts speed open loop control, its speed control
performance is worse than that of wind turbine.

5.2. The vibration suppression experiments based on PID controller with clear-
ance.
1) Simulation experiment scheme
The experimental scheme is shown in Figure 16(a). A clearance nonlinear unit N is

inserted into the gearbox of the four-mass drivetrain, and other conditions are the same
as Section 5.1.
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(a) The experimental scheme without clearance

(b) The wind turbine speed waveform (c) The generator speed waveform

Figure 15. The experimental scheme and speed waveforms of four-mass
drivetrain vibration suppression without clearance based on PID controller

(a) The experimental scheme with clearance

(b) The generator speed waveform

Figure 16. The experimental scheme and speed waveform of four-mass
drivetrain vibration suppression with clearance based on PID controller

2) Simulation experiment results and analysis
Figure 16(b) shows the output speed waveform of the generator. As can be seen from

the figure, the output speed of the generator vibrates. In Figure 16(b), ωF is the generator
speed waveform, and ω∗

F is the generator speed input reference waveform.
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The simulation results show that when the drivetrain contains a gear clearance, the PID
controller used in Section 5.1 cannot eliminate the vibration generated by the clearance,
and the output speed waveform of the generator vibrates.

5.3. The vibration suppression experiments based on disturbance observer
with clearance.
1) Simulation experiment scheme
The experimental scheme of vibration suppression based on disturbance observer pro-

posed in this paper is shown in Figure 17(a). The disturbance observer feedback control
system shown in Figure 14 is used to control the drivetrain of wind power system with
clearance unit. Compared with the experimental scheme in Figure 16(a), the disturbance
observer component is added. The parameters in the drivetrain are the same as those in
Figure 16(a), and the structure and parameters of controller C(s) are also the same as
those in the dotted box in Figure 16(a). The form and parameters of the filter Q(s) are
as follows:

Q(s) =
λ1

s+ λ2

=
λ1/λ2

Ts+ 1
=

3.14

0.4s+ 1
2) Simulation experiment results and analysis
In Figure 17(b), ωF is the generator speed waveform, and ω∗

F is the generator speed
input reference waveform. The generator speed waveform shows that there is almost no
vibration in the speed of the generator.

(a) The experimental scheme

(b) The generator speed waveform

Figure 17. The experimental scheme and speed waveform of four-mass
drivetrain vibration suppression with clearance based on disturbance ob-
server

5.4. The vibration suppression experiments based on shaft torque compensator
with clearance.
1) Simulation experiment scheme
[22] shows the experimental scheme of vibration suppression based on shaft torque

compensator, the drivetrain is replaced with four-mass blocks. The parameters of the
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drivetrain, the structure and parameters of the controller C(s) are the same as those in
Figure 16(a).

2) Simulation experiment results and analysis
Figure 18 shows the generator output speed waveform, in the figure, ωF is the generator

speed waveform, ω∗
F is the generator speed input reference waveform. It can be seen from

Figure 18 that there is a large vibration in the generator speed.

Figure 18. The speed waveform of four-mass drivetrain vibration sup-
pression with clearance based on shaft torque compensator

5.5. The vibration suppression ability comparison of the different control al-
gorithms. The generator speed waveforms in Figure 16(b), Figure 17(b) and Figure 18
are compared from the following three aspects.

1) The comparison of starting overshoot σ%
From the waveforms and the data in the second column of Table 2, we can see a)

the maximum overshoot of PID controller method is 8%, and its value is the smallest
among the three algorithms, and several wave heads reach or approach the maximum
overshoot; b) the maximum overshoot of the disturbance observer method is 30%, the
maximum overshoot has only one wave head, and the rest waveforms decay quickly; c)
the maximum overshoot of the shaft torque compensator method is 56%, the value is the
largest among the three algorithms, and the waveform attenuation is slow.

Table 2. The vibration suppression ability comparison of the different
control algorithms

Control algorithm
Starting

overshoot σ%
Response
time ts

Steady-state vibration
amplitude ∆%

PID controller 8% 120 3.2%
Disturbance observer 30% 75 0.8%

Shaft torque compensator 56% 200 12%

2) The comparison of adjustment time ts
From the waveforms and the data in the third column of Table 2, we can see a) the

adjustment time of the disturbance observer method is about 75 seconds, which is the
shortest; b) PID controller method is about 120 seconds; c) shaft torque compensator
method is about 200 seconds, the longest adjustment time.
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3) The comparison of steady-state vibration amplitude ∆%
Steady-state vibration amplitude is the vibration amplitude of the drivetrain for long-

term stable operation, and this amplitude has the greatest influence on the drivetrain.
From the close-up waveforms and the fourth column data in Table 2, it can be seen that a)
the steady-state vibration amplitude of the disturbance observer method is 0.8%, which is
the smallest; b) PID controller method is 3.2%; c) the shaft torque compensator method
is 12%, which is the largest among the three algorithms.
By comparing the overshoot, adjustment time and steady-state vibration amplitude of

PID controller, disturbance observer and shaft torque compensator method, the compre-
hensive performance of the disturbance observer control algorithm proposed in this paper
is optimal.

6. Conclusion. In this paper, vibration and suppression of four-mass drivetrain of wind
power system are researched, and the influence of gear clearance on drivetrain vibration
is considered. The following work is done.
1) The mass blocks of the wind power system drivetrain are newly divided, and the

structure of the four-mass block drivetrain is proposed, so as to analyze the performance
of the wind power system drivetrain more accurately.
2) The four-mass drivetrain model of wind power system with clearance is established.

Firstly, the four-mass block drivetrain model without clearance is established, and then
the clearance nonlinear module is added to obtain the four-mass block drivetrain model
with clearance.
3) A simple experiment scheme for verifying the clearance vibration is proposed, and

it is proved that the gear clearance in the drivetrain will cause the drivetrain vibration.
4) According to the equivalent decomposition principle of the clearance nonlinear char-

acteristics, the clearance nonlinearing is equivalent to the bounded disturbance of the
linear system, and the disturbance observer is used to suppress the gear clearance vibra-
tion.
5) Simulation experiments verify that PID controller based on PSO can eliminate elastic

vibration of drivetrain without clearance, but cannot eliminate clearance vibration. The
vibration suppression method of disturbance observer can solve the multi-mass drivetrain
vibration with clearance, and it does not need to change the structure relationship of the
drivetrain.
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