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Abstract. To address the vibration problem caused by gear clearance in the transmis-
sion chain of a doubly-fed wind power system, this paper uses the three-mass transmission
chain with clearance to address these issues. First, we discuss the nonlinear characteris-
tics of gear clearance and the nonlinear vibration principle. The nonlinear clearance unit
is then decomposed into a linear unit and a nonlinear bounded disturbance unit. A method
based on internal model control (IMC) is proposed to suppress nonlinear bounded distur-
bances. The nonlinear disturbance of gear clearance is suppressed by utilizing the internal
model control’s effective anti-disturbance capability. Vibrations caused by the transmis-
sion chain’s elasticity are suppressed using an equivalent feedback controller based on the
IMC controller. The simulation results demonstrate the method’s effectiveness.
Keywords: Wind power generation system, Three-mass transmission chain, Mechanical
vibration suppression, Internal model control (IMC), Gear clearance

1. Introduction. The elasticity of the transmission chain and the gear clearance are two
critical factors that contribute to transmission chain vibration. These vibrations signifi-
cantly affect the transmission chain’s steady-state and dynamic performance.

The servo motor drives the load via the servo system’s gearbox, which in turn drives the
large inertia gear via the small inertia gear. The transmission chain’s elastic deformation
is the primary cause of transmission chain vibration. Many studies have been conduct-
ed on the mechanism of vibration caused by transmission shaft elasticity and methods
for its suppression [1-3]. The notch filter or PID control method is the most frequently
used technique for suppressing mechanical vibration caused by the transmission chain’s
elasticity [4].

A doubly-fed wind power system’s transmission chain comprises a wind turbine, a
speed-raising gearbox, a generator, and a transmission shaft. The gearbox, which is a
complex multi-mass transmission chain, contains three gear systems. The wind turbine
drives the generator via the transmission shaft and the speed-raising gearbox through this
transmission chain. In contrast to the servo system, the wind power system experiences
vibration not only due to the elasticity of the transmission shaft but also due to gear clear-
ance. However, the methods used to suppress elastic vibration cannot be used to suppress
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the nonlinear vibration caused by gear clearance. Typically, the disturbance observer [5]
is used to suppress the nonlinear vibration caused by gear clearance. The disturbance
observer’s principle of vibration suppression is based on the fact that a nonlinear gear
clearance system N can be expressed using a combination of a linear H unit and a nonlin-
ear bounded disturbance d unit. The specific method employs a disturbance observer to
observe the nonlinear bounded disturbance d, and feedback to the input end to offset the
influence of nonlinear factors in the system, thereby achieving linear performance for the
N. This is a form of compensation control. The key to disturbance suppression is accurate
observation and compensation. The suppression effect cannot be achieved if the distur-
bance is not observed correctly. As a result, a more appropriate method of disturbance
suppression should be investigated.
The transmission chain structure of the wind power system is divided differently ac-

cording to research emphasis. There are eight-mass [6] and six-mass [7] systems, as well
as the simplest two-mass system. Consider that the wind turbine, gearbox, and gener-
ator comprise the transmission chain’s three fundamental components. The three-mass
transmission chain is the subject of this paper’s research.
The method of suppressing the elastic vibration of transmission chain is not suitable

for suppressing the nonlinear vibration of gear clearance. The method of adding dis-
turbance observer to suppress the nonlinear vibration needs to accurately observe and
compensate the disturbance signal. Aiming at the above problems, this paper uses the
three-mass transmission chain of wind power systems with clearance as the research ob-
ject. A method based on IMC is proposed for suppressing gear clearance nonlinear vi-
bration. The nonlinear disturbance of gear clearance is suppressed by using the effective
anti-disturbance ability of IMC, and vibration caused by the elasticity of the transmission
chain is suppressed by the equivalent feedback controller based on IMC.
This paper is organized as follows. Section 2 presents a mathematical model of the wind

power system’s three-mass transmission chain. Section 3 analyzes the vibration principle
caused by the shaft elasticity and the gear clearance of a three-mass transmission chain.
Section 4 proposes methods based on IMC for suppressing gear clearance nonlinear vibra-
tion and shaft elasticity vibration. Section 5 illustrates the effectiveness of the suppressing
method through simulation. At the conclusion of the paper, the conclusions are drawn.

2. Mathematical Model of the Three-Mass Transmission Chain of Wind Power
System.

2.1. Transmission chain of wind power system. The transmission chain of the wind
power generation system [6,8] is shown in Figure 1.
The wind turbine is connected via a low-speed shaft to the gearbox’s planetary gear

train on the far left. A high-speed shaft connects the gearbox’s second parallel gear train
to the generator on the right. The gearbox comprises three components: a planetary gear
train, a first parallel gear train, and a second parallel gear train.
To demonstrate the effect of gear clearance on the transmission chain, the gearbox’s

elasticity was first converted to the low-speed and high-speed shafts, respectively. An
equivalent total clearance expressed the clearance effect of the three gear systems in
Figure 1, so a three-mass transmission chain model with gear clearance was obtained.
Figure 2 shows a schematic diagram of the equivalent gear motion relation, in which

driving gear drives driven gear through a clearance delay of 2b [9]. In the equivalent
processing process of the three-mass drive chain model, the elasticity of the driving gear
is assigned to the low-speed shaft, the elasticity of the driven gear is assigned to the high-
speed shaft, the driving gear and driven gear of the gearbox become a whole, and elastic
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Figure 1. The structural diagram of the transmission chain of wind power system

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

Figure 3. The mechanical structure schematic diagram of the three-mass
transmission chain

coefficient of gear Kg = 1. As illustrated in Figure 3, a nonlinear clearance module N is
used to represent the effect of the equivalent total clearance of three gear systems.

2.2. Mathematical model of the three-mass transmission chain of wind pow-
er system. The mechanical structure of the three-mass transmission chain with gear
clearance is shown in Figure 3.

In Figure 3, TW denotes the driving torque of the wind turbine, TC represents the
resistance torque of the low-speed shaft, TG is the rotational torque of the high-speed
shaft, and TF denotes the resistance torque of the generator. ωW represents the wind
machine rotation speed, ωC is the equivalent gear rotation speed, and ωF denotes the
generator rotation speed; JW is the rotational inertia of the wind turbine mass block,
JC is the rotational inertia of the equivalent gear mass block, and JF is the rotational
inertia of the generator mass block. K1 is the equivalent elastic coefficient of a low-speed
shaft, and K2 is the equivalent elastic coefficient of a high-speed shaft. The equivalent
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elastic coefficient includes the converted elastic coefficient of the gearbox. The nonlinear
clearance module represents the total equivalent clearance of the gearbox.
When modeling the transfer function of a wind power system’s three-mass transmission

chain with clearance, the gear clearance is not taken into account first. After obtaining
the transmission chain’s transfer function structure diagram, the nonlinear clearance unit
is added. Because this paper primarily discusses transmission chain vibration, for the
sake of simplicity, the gearbox transmission ratio is assumed to be one when modelling
the three-mass transmission chain’s transfer function.
The wind turbine, gearbox, and generator are used as research objects in Figure 3, and

the following results are obtained.
1) The motion equation of the wind turbine mass block is

TW − TC = JW
dωW

dt
(1)

2) The balance equation of the low-speed elastic axis is

TC = K1

∫

(ωW − ωC) dt (2)

3) The motion equation of the gearbox mass block is

TC − TG = JC
dωC

dt
(3)

4) The balance equation of the high-speed elastic axis is

TG = K2

∫

(ωC − ωF) dt (4)

5) The motion equation of the generator mass block is

TG − TF = JF
dωF

dt
(5)

The Laplace transform of Equations (1)-(5) is used to obtain Equations (6)-(10):






































JWωWs = TW − TC (6)

TC =
K1

s
(ωW − ωC) (7)

JCωCs = TC − TG (8)

TG =
K2

s
(ωC − ωF) (9)

JFωFs = TG − TF (10)

According to Equations (6) to (10), the corresponding transfer function structure dia-
gram can be obtained. Then, the nonlinear clearance module is added to the structure
diagram. The transfer function structure diagram of the three-mass transmission chain
of the wind power system with gear clearance is obtained, as shown in Figure 4.

Figure 4. The transfer function structure diagram of the three-mass trans-
mission chain of the wind power system with a clearance
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3. Vibration Analysis of Transmission Chain in Wind Power System. In the
transmission chain, the elasticity and gear clearance will cause the vibration of the trans-
mission chain.

3.1. Elastic vibration analysis of three-mass transmission chain of wind power
system. According to Equations (6)-(10), Equation (11) between the speed of the gen-
erator and the torque of the wind turbine can be obtained, from which its vibration can
be analyzed.

While analyzing the relationship of ωF/TW, let TF = 0, we can get
ωF

TW
= K1K2

JWJCJFs
5+(JWJFK1+JCJFK1+JWJCK2+JWJFK2)s3+(JWK1K2+JCK1K2+JFK1K2)s

(11)

As shown from the structure in Figure 4, the three-mass transmission chain is formed
by two two-mass systems with the same structure in series. It can be decomposed into two
two-mass systems in series by transforming Equation (11). The transfer function between
wind turbine driving torque TW and generator speed ωF can also be expressed by Equation
(12).

ωF

TW
=

1

JWs
·

K1K2

s4 + (ω2
r1 + ω2

r2)s
2 + ω2

r1ω
2
r2

=
1

JWs
·

K1 ·K2

(s2 + ω2
r1) (s

2 + ω2
r2)

(12)

In this Equation (12), ωr1 and ωr2 are the resonant frequencies of the first and second
two-mass systems.

Similarly, the relationship between wind turbine speed and driving torque ωW/TW is
shown in Equation (13).

ωW

TW
= JCJFs

4+(JFK1+JCK2+JFK2)s2+K1K2

JWJCJFs
5+(JWJFK1+JCJFK1+JWJCK2+JWJFK2)s3+(JWK1K2+JCK1K2+JFK1K2)s

(13)

Equation (13) also has two resonance points because it has the same denominator as
Equation (11).

A two-mass transmission chain should have a single resonance point, while a three-mass
transmission chain should have two. When a resonant point exists, it indicates that there
is vibration.

3.2. The vibration caused by gear clearance of transmission chain in wind pow-
er system. Gear clearance in a wind power system’s transmission chain is a nonlinear
characteristic. The nonlinear characteristics of the gear clearance [10] and their effect [11]
on the control system are illustrated in Figure 5. The input and output relationships for
gear clearance are shown in Figure 5(a), as shown in Equation (14).

q =



























k(v − b);
dq

dt
> 0

k(v + b);
dq

dt
< 0

qmsgn(v);
dq

dt
= 0

(14)

In the characteristics shown in Figure 5(a), the input is the position v of the driving
gear, the output is the position q of the driven gear, 2b is the total clearance in the
transmission chain, and the characteristic slope is k.

There are two main influences of gear clearance on control system.
1) Decrease in output signal amplitude and introduce phase lag. As illustrated in Figure

5(b), the output signal is limited by the influence of qm on gear clearance characteristics.
Due to the influence of the 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.
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(a) Gear clearance non-
linear characteristics

(b) Influence of gear clearance on the output signal

Figure 5. The nonlinear characteristics and influence on output signals
with gear clearance

2) When there is nonlinearity in the gear clearance, the three-mass transmission chain
transitions from a linear to a nonlinear state, as illustrated in Figure 4, and vibration
may occur.

3.3. Experimental verification of vibration of three-mass transmission chain in
wind power system.

3.3.1. Elastic vibration experiment of the three-mass transmission chain. Figure 6 illus-
trates the Bode diagram of the generator side of the three-mass transmission chain using
Equation (11). Table 1 contains the parameters [7] for drawing the Bode diagram.

Figure 6. The Bode diagram of the three-mass transmission chain of the
generator side
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Table 1. The simulation experiment parameters

No. Parameter Value

1 JW (kg·m2) 2.6

2 JC (kg·m2) 0.272

3 JF (kg·m2) 0.505

4 K1 (N·m/rad) 0.516

5 K2 (N·m/rad) 3.51

6 2b (rad) 0.2

According to the results in Figure 6, the three-mass transmission chain contains two
resonance points, which is consistent with the theoretical analysis. Due to the presence
of resonance points, the system’s response at the characteristic frequency becomes more
intense. When there are resonant points, vibration occurs.

3.3.2. Experimental verification of nonlinear vibration of gear clearance. To verify the ef-
fect of gear clearance nonlinearity on transmission chain performance, the output of the
three-mass transmission chain transfer function in Figure 4 was subtracted from the sys-
tem output for the same parameters without clearance, thereby creating an experimental
system capable of verifying nonlinear clearance vibration. Figure 7 illustrates the simula-
tion experiment scheme, and Figure 8 illustrates the generator speed deviation vibration
waveform caused by gear clearance nonlinearity.

As illustrated in Figure 8, the clearance causes the system’s output to vibrate.

Figure 7. Experimental scheme of nonlinear vibration of gear clearance

Figure 8. Generator speed deviation vibration waveform caused by non-
linearity of gear clearance
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4. Methods to Suppress Vibration of Transmission Chain in Wind Power Sys-
tem. The speed controller method is typically used to eliminate vibration in a wind power
system caused by the elasticity of the transmission chain. The speed controller can adjust
the pitch angle of the wind turbine blades to adjust the driving torque applied to the
blades and thus control the wind turbine driving torque TW. This paper will implement
the speed controller using an equivalent feedback controller based on IMC.

4.1. Equivalence of gear clearance nonlinearity. In Figure 5, the role of nonlinear
gear clearance N in the system can be represented by the equivalent unit in the dotted
box in Figure 9, where N is decomposed into two parts, N = H + d [5,10].

Figure 9. The nonlinear model of gear clearance

H(s) is a linear time-invariant unit, whereas d(s) is a nonlinear time-varying unit, rep-
resenting a bounded disturbance. When the nonlinearity of the gear clearance is expressed
as the bounded disturbance d(s), the control theory method can be used to eliminate the
influence of the nonlinear disturbance of the gear clearance so that N presents a linear
performance.
The clearance characteristics N of the transmission chain in the wind power system are

shown in Figure 10.

Figure 10. Equivalence of clearance characteristics

Obviously, the graph of N lies between or on two parallel lines G+(v) = kv + b and
G−(v) = kv− b for all v. 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, which
in this case is 2b = 0.2. For the convenience of transformation, the slope k of the clearance
characteristic is set to 1. Then, the nonlinear unit N can be represented by H(s) = 1 and
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the nonlinear bounded disturbance function d(s) in the dotted box in Figure 12(b). That
is, the nonlinear factor of gear clearance can be seen as the disturbance of the system.

It is demonstrated that the nonlinear clearance factor can be equivalent to bounded
disturbance. As a result, a control strategy with a disturbance suppression function is
proposed to eliminate vibration caused by transmission chain gear clearance. IMC is a
type of control strategy that is capable of effectively rejecting disturbances. Additionally,
it can be used as a speed controller to suppress vibration caused by the transmission
chain’s elasticity.

4.2. Principle of IMC to suppress nonlinear disturbance of gear clearance. IMC
is a control strategy that has a good performance of suppressing unmeasured disturbance
[12]. It is particularly well suited for the suppression of nonlinear disturbances in gear
clearance.

The structure of a common feedback control system is shown in Figure 11. C(s) is the
feedback controller, G(s) is the controlled object, d(s) is the unmeasured disturbance,
R(s) and Y (s) are the input and output signals of the control system, respectively. As
illustrated in Figure 11, because the feedback signal is directly derived from the system’s
output, the influence of d(s) on the output cannot be distinguished from that of other
factors in the feedback, and the disturbance cannot be effectively controlled.

Figure 11. Structural diagram of common feedback control system

When Figure 11 is transformed equivalently, the IMC structure shown in Figure 12 is
obtained, where Ĝ(s) is the prediction model of the controlled object, and CIMC(s) is the
IMC controller.

(a) (b)

Figure 12. The structure diagram of IMC

The dotted box in Figure 12(a) is the IMC controller and the transfer function

CIMC(s) =
C(s)

1 + Ĝ(s)C(s)
(15)

From Figure 12(b), the inhibition effect of IMC on disturbance can be analyzed [13,15].
1) IMC can adjust the output deviation caused by unmeasured disturbance d(s).
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When the disturbance d(s) occurs, the system is equipped with a feedback adjustment
mechanism that suppresses the unmeasured disturbance d(s). For example,

d(s) ↑→ Y (s) ↑→ d̂(s)[= Y (s)− Ym(s)] ↑→
[

R(s)− d̂(s)
]

↓→ u(s) ↓→ Y (s) ↓

2) When the model is matched with the controlled object, that is Ĝ(s) = G(s), and

CIMC(s) = Ĝ−1(s), the system can overcome any unmeasured disturbance d(s) and achieve
no deviation tracking for any input R(s). For example, as illustrated in Figure 12(b),

Y (s) =
CIMC(s)G(s)

1 + CIMC(s)
[

G(s)− Ĝ(s)
]R(s) +

1− CIMC(s)Ĝ(s)

1 + CIMC(s)
[

G(s)− Ĝ(s)
]d(s) (16)

If the model is matched with the controlled object and CIMC(s) = Ĝ−1(s) can be
realized, Equation (16) becomes Y (s) = R(s), and the output of the system is always
equal to the input; it is independent of the disturbance d(s).

4.3. Design of IMC controller and feedback controller [12,14,15].
1) IMC controller design.
The following are the steps involved in the design of an IMC controller: First, a stable

ideal controller is designed without regard for the system’s robustness or constraints;
Second, a low pass filter L(s) is added to stabilize the system and to achieve the desired
dynamic performance. The structure and parameters of L(s) are adjusted to achieve the
desired dynamic performance.
When the prediction model Ĝ(s) of the controlled object is known, the IMC controller

can be calculated by the following formula:

CIMC(s) =
C(s)

1 + Ĝ(s)C(s)
= Ĝ−1(s)L(s) (17)

where L(s) is a low-pass filter.
2) Feedback controller design.
The equivalent transformation of the IMC structure diagram in Figure 12(b) into the

feedback control structure diagram in Figure 13 can obtain the equivalent feedback con-
troller C(s). The transfer function of the feedback controller is as follows:

C(s) =
CIMC(s)

1− Ĝ(s)CIMC(s)
(18)

Figure 13. Equivalent structure diagram of feedback control

4.4. Design of IMC controller and feedback controller for generator side. To
design the generator side IMC controller and feedback controller, the controlled object
G2(s) = ωF/TW (ratio of the generator speed to wind turbine torque) and the clearance
nonlinear disturbance d(s) must be transformed into the form shown in the dot-crossed
box in Figure 12(b).
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4.4.1. Structural diagram transformation of three-mass transmission chain for generator

side. TF = 0 was substituted into Figure 4, and the clearance nonlinearity in Figure 4
was replaced by the equivalent unit in Figure 9, resulting in Figure 14(a). H(s) = 1 was
substituted into Figure 14(a), and after a series of equivalent transformations, Figure
14(b) was finally obtained.

(a) Equivalent transformation of structure diagram (1)

(b) Equivalent transformation of structure diagram (2)

Figure 14. Equivalent transformation of structure diagram of the three-
mass transmission chain of wind power system

In Figure 14(b),

G2(s) =
ωF

TW

=
K1K2

JWJCJFs
5 + (JWJFK1 + JCJFK1 + JWJCK2 + JWJFK2) s3 + (JWK1K2 + JCK1K2 + JFK1K2) s

4.4.2. Design of IMC controller and feedback controller for generator side. As can be
seen from the expression of G2(s), G2(s) is a minimum phase system without zeros in
the right half-plane. Then the controlled object G2(s) can be decomposed into G2(s) =
G2+(s) ·G2−(s), where G2+(s) = 1. Substituting the parameters in Table 1, then we have

G2−(s) = G2(s) =
1.863

0.357s5 + 8.04s3 + 6.29s

To make the order of the numerator and denominator of the transfer function of the
controlled object close, the low-pass filter can be selected as follows:

L(s) =
1

(λs+ 1)5
(19)

1) Design of IMC controller CIMC-F(s).
The designed IMC controller CIMC-F(s) is

CIMC-F(s) = Ĝ−1
2 (s)L(s)

=
0.357s5 + 8.04s3 + 6.29s

1.863(λs+ 1)5

=
0.1916s5 + 4.32s3 + 3.376s

(λs+ 1)5
(20)

2) Design of feedback controller CF(s).
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The designed feedback controller CF(s) is

CF(s) = Ĝ
−1

2 (s)
1

L−1(s)− 1

=
0.357s5 + 8.04s3 + 6.29s

1.863 [(λs+ 1)5 − 1]

=
0.1914s4 + 4.32s2 + 3.376

λ5s4 + 5λ4s3 + 10λ3s2 + 10λ2s+ 5λ
(21)

By substituting λ = 0.01, the generator side IMC controller CIMC-F(s) and feedback
controller CF(s) can be obtained.

4.5. Design of IMC controller and feedback controller for wind turbine side.
Similarly, the controlled object G1(s) for the wind turbine side can be obtained by sub-
stituting parameters in Table 1.

G1−(s) = G1(s) =
0.1374s4 + 3.07s2 + 1.863

0.357s5 + 8.04s3 + 6.29s

The low-pass filter is selected as L(s) = 1
λs+1

, so that the order of the numerator and
denominator of the transfer function of the controlled object is close.
1) Design of IMC controller CIMC-W(s).
The designed IMC controller CIMC-W(s) is

CIMC-W(s) = Ĝ−1
1−(s)L(s) = G−1

1−(s)L(s) =
0.357s4 + 8.04s2 + 6.29

0.1374s4 + 3.07s2 + 1.863
·

s

λs+ 1
(22)

2) Design of feedback controller CW(s).
The designed feedback controller CW(s) is

CW(s) = Ĝ
−1

1 (s)
1

L−1(s)− 1
=

0.357s4 + 8.04s2 + 6.29

0.1374s4 + 3.07s2 + 1.863
·
1

λ
(23)

By substituting λ = 0.01, the wind turbine side IMC controller CIMC-W(s) and feedback
controller CW(s) can be obtained.

5. Simulation Experiment and Result Analysis.

5.1. Speed experiment of wind turbine and generator with gear clearance.
1) Schema experimental. According to Figure 4, a nonlinear gear clearance unit is

connected behind the gear, and the wind turbine speed is controlled via negative feedback.
The experimental design is depicted in Figure 15(a). The transmission chain parameters
are listed in Table 1. The PID parameters for the speed controller are taken from [16]
and are not designed using the IMC method.
2) Experimental results and analysis. Figure 15(b) shows the speed waveform of the

wind turbine. In Figure 15(b), ωW is the wind turbine speed waveform, and ωW-ref is the
reference speed waveform of the wind turbine. Figure 15(c) shows the generator speed
waveform. In Figure 15(c), ωF is the actual speed waveform of the generator. Since
the gear clearance is located behind the wind turbine, there is some wind turbine speed
vibration, but the vibration amplitude is minimal, as illustrated in Figure 15(b). The
generator speed behind the gear clearance vibrates greatly, as shown in Figure 15(c).
Conventional PID speed controllers do not eliminate these vibrations.

5.2. Generator side IMC and feedback control experiments.
1) Schema experimental. The Simulink simulation schema for the experiment was set

up according to Figures 12(b) and 13.
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(a) The wind turbine speed feedback control system

(b) Wind turbine speed waveform (c) Generator speed waveform

Figure 15. The wind turbine speed feedback control system and speed
waveform of three-mass transmission chain with clearance

As shown in Figure 14(b), the controlled object’s transfer function is as follows:

G2(s) =
1.863

0.357s5 + 8.04s3 + 6.29s

According to Equation (20), get that IMC controller CIMC-F(s) is

CIMC-F(s) =
0.1916s5 + 4.32s3 + 3.376s

(λs+ 1)5
, where λ = 0.01

According to Equation (21), get that feedback controller CF(s)

CF(s) =
0.1914s4 + 4.32s2 + 3.376

λ5s4 + 5λ4s3 + 10λ3s2 + 10λ2s+ 5λ
, where λ = 0.01

2) Experimental results and analysis. The generator speed waveform was obtained as
illustrated in Figures 16(a) and 16(b).

As illustrated in Figure 16(a), when λ = 0.01, the speed waveform of the generator
which is controlled by IMC basically coincides with the input speed, and the output has a
good following performance to the input. As shown in Figures 16(a) and 16(b), waveforms
of equivalent feedback control and IMC are consistent.

Additionally, step, sine wave, and random function disturbance signals are used to
conduct the system’s disturbance rejection experiment. It is discovered that disturbance
signals have little effect on the output, indicating that the IMC performs well in terms of
disturbance rejection.

5.3. Wind turbine side IMC and feedback control experiments.
1) Schema experimental. According to Figures 12(b) and 13, the Simulink simulation

model for the experiment was set up.
Similar to Figure 14(b), the transfer function of the controlled object is as follows:

G1(s) =
0.1374s4 + 3.07s2 + 1.863

0.357s5 + 8.04s3 + 6.29s
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(a) The generator speed waveform based on IMC (b) The generator speed waveform based on feed-
back control

Figure 16. The speed waveform of generator based on IMC and equivalent
feedback control

According to Equation (22), the IMC controller CIMC-W(s) is

CIMC-W(s) =
0.357s4 + 8.04s2 + 6.29

0.1374s4 + 3.07s2 + 1.863
·

s

λs+ 1
, where λ = 0.01

According to Equation (23), the feedback controller CW(s):

CW(s) =
0.357s4 + 8.04s2 + 6.29

0.1374s4 + 3.07s2 + 1.863
·
1

λ
, where λ = 0.08

2) Experimental results and analysis. The wind turbine speed waveform was obtained
as shown in Figures 17(a) and 17(b).

(a) The wind turbine speed waveform based on
IMC

(b) The wind turbine speed waveform based on feed-
back control

Figure 17. The speed waveform of wind turbine based on IMC and equiv-
alent feedback control

As illustrated in Figure 17(a), when λ = 0.01, the speed waveform of the wind turbine
controlled by IMC nearly overlapped with the input speed waveform, and the output
tracked the input well. Since the equivalent feedback control based on IMC is only the
equivalent transformation of the IMC, both waveforms are consistent when the same λ
value is taken with the IMC controller. Additionally, the IMC controller in this example
has a single adjustable parameter λ, and the system performance can be adjusted by
changing its value. Figure 17(b) shows the wind turbine speed waveform with the increase
of λ. The speed tracking performance degrades as the λ increases.
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5.4. Comparison with axial moment observer method in suppressing clearance
vibration. [10] proposes the axial moment observer method, which is another widely used
method for suppressing transmission chain clearance vibration by compensating the wind
turbine’s electromagnetic using the identification value of the axial moment. Figure 18
illustrates the control block diagram for the three-mass transmission chain of the wind
power generation system that uses the axial moment observer to suppress vibration. The
axial moment observer is shown in the figure’s inner portion of the dotted box.

Figure 18. The schematic diagram of three-mass wind power generation
system controlled by axial moment observer

In Figure 18, ĴW is the estimated rotational inertia of the wind turbine, Ts is the axial
moment of the transmission chain between the wind turbine and the generator, T̂s is the
observed axial moment, T ∗

s is the reference torque instruction of the wind turbine T ∗

W

after the multi-mass block system is equivalent to a single mass block, and Kpf is the
compensation coefficient, Kb in the figure is

Kb = JF/ (JW + JF) (24)

According to the parameter calculation method in [10], Kb is 1.62, and Kpf is 0.6.

According to the data in Table 1, ĴW is 2.6 kg·m2.
1) Experimental scheme. The simulation experiment system was established according

to Figure 18, and the waveform in Figure 19 was obtained by substituting Table 1 and
the preceding data.

2) Simulation experiment results and analysis. The waveforms shown in Figures 19(a)
and 19(b) are the wind turbine and generator speed waveforms, respectively, for the
three-mass transmission chain of the wind power generation system controlled by the

(a) Wind turbine speed waveform (b) Generator speed waveform

Figure 19. The wind turbine and generator speed waveform of the three-
mass system by axial moment observer
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axial moment observer. As can be seen, both the output speed of the wind turbine and
the generator have a significant overshoot, and the generator’s output speed vibrates.
Compared with the IMC method illustrated in Figures 16 and 17, the effect of axial

moment observer control on generator vibration suppression is not optimal. The IMC
method proposed in this paper is extremely effective at suppressing vibrations in a three-
mass drive chain.

6. Conclusion. The nonlinear vibration of gear clearance is analyzed in this paper using
the three-mass transmission chain of a wind power system with clearance as the research
object. Since the clearance nonlinear unit N can be decomposed equivalently into a linear
unit and a nonlinear bounded disturbance unit, the following work is performed in this
paper.
1) A disturbance suppression method based on the IMC principle was proposed to ad-

dress the nonlinear bounded disturbance presented by the nonlinear unit of gear clearance.
The effective disturbance rejection function of IMC suppresses the clearance’s nonlinear
disturbance factors.
2) We design an IMC and an equivalent feedback speed controller for the wind turbine

and generator sides of a three-mass transmission chain in a wind power system and verify
their control effect. It is discovered that disturbances of the step, sine wave, and random
function have almost no effect on the output. The transmission chain’s vibration can be
effectively suppressed.
3) It is discovered that applying the IMC method to suppressing transmission chain vi-

bration requires structural diagram transformation, and the controlled object is simplified
to a specific IMC structure. It is difficult to transform the IMC structure of a system with
more than three masses, and this method is thus limited in its application to multi-mass
systems.
4) Intelligent control methods such as intelligent IMC and adaptive neuro-fuzzy rea-

soning have significant advantages for dealing with the vibration control problem in the
presence of model mismatch, and will be applied in further research.
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